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Abstract

Organic dye-doped materials are highly suitable for the fabrication of photonic components
due to their ability to manipulate light through its absorption and emission processes. Most
organic dyes are characterized by emitting light within the visible spectrum, making them
ideal for photonics platforms that operate in this spectral range. When incorporated into
carefully engineered matrices, the resulting material's properties, including refractive index
(RI), emission spectral range, and additional functionalities can be adjusted. Owing to their
unique properties, they may be implemented to fabricate active components for light
amplification and the sensing of external stimuli, such as temperature or relative humidity
(RH).

This doctoral thesis explores the development and detailed characterization
of luminescent materials activated with organic dyes, emphasizing their potential
use in planar photonics. The research primarily focused on three material systems:

e sol-gel-derived ones obtained from alkoxide precursors of silica/ organically

modified silica (ORMOSIL) and titania;

e polymers, including selected polyelectrolyte;

¢ liquid crystal (LC) matrices.
Based on their distinct characteristics, they have been further classified into two categories.
The first group comprises sol-gel-derived and polymer materials designed for fabricating
high-RI dye-doped films with the potential for structural patterning. The second group
includes dye-doped polyelectrolyte and LCs, which are sensitive to variations in RH and
temperature, respectively. The dye-doped sol-gel-derived, polymer, and polyelectrolyte
materials were primarily studied as thin films with submicrometric thicknesses (mainly
in the range of 100900 nm) on soda-lime glass substrates, fabricated using a simple,
scalable, and cost-effective dip-coating technique. The dye-doped LCs were studied
as powders or liquids (in the liquid crystalline or isotropic phases).

The initial studies addressed the sol-gel-derived films fabricated from
tetraethylorthosilicate (TEOS) or (3-glycidyloxypropyl)trimethoxysilane (GLYMO),
and titanium(IV) ethoxide (TET). The research involved a detailed comparison of non-
organically and organically modified matrices, which were prepared at various temperature
up to 300 °C. Films were comprehensively studied using UV-Vis absorption and emission
spectroscopies as well as ellipsometry and profilometry. The studies demonstrated that
during the heat treatment needed to increase the RI, the organically modified matrices
offered superior stability of the RhB-doped films. Selected undoped films prepared
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at 200 °C could serve as planar waveguides (WGs) on soda-lime glass substrates, exhibiting
relatively low optical transmission losses of around 1 dB/cm, determined using a scattered-
light method. The films also showed significant potential for structurization using
a nanoimprint lithography (NIL) technique, which enabled the fabrication of grating
couplers on the WG films.

Additionally, luminescent disc-shaped microstructures with relatively high RI were
successfully fabricated using sol-gel-derived dye-doped films through a photolithography
(PL) process followed by a wet-chemical etching. During further optimization
of the annealing time at 200 °C and the wet-chemical etching time in buffered hydrofluoric
acid (BHF), the etching selectivity toward the soda-lime glass substrate was improved. This
approach enabled a production of under-etched luminescent microstructures, confirmed
using optical microscopy and scanning electron microscopy (SEM) imaging.

The dissertation also includes research on high-RI polymer films such as polystyrene
(PS), poly(benzyl methacrylate) (PBzMA), polycarbonate (PC), and polysulfone (PSU).
Numerical calculations confirmed their potential for fabricating grating patterns using
the thermal nanoimprint lithography (TNIL) technique and for implementation as WG films
on soda-lime glass substrates. The PSU films, characterized by the highest RI (1.62) among
the investigated polymers, were doped with various luminescent dyes to achieve a broad
spectral range of visible light emission. UV-Vis spectroscopic techniques such as absorption,
excitation, and emission measurements were used to characterize their luminescent
properties. They also included the measurement of photoluminescence quantum yield
(QY), a parameter rarely reported in the literature for films. These studies revealed
the highest QY for dyes from the 7-aminocoumarin family. Additionally, dyes such as Nile
Red (NR) and Rhodamine 6G (Rh6G) were used as probes to investigate the polarity of the
polymers and the dye aggregation behavior, respectively. The results suggested the lowest
polarity for the PS matrix with simultaneously the highest promotion of aggregation of Rh6G
dye. In contrast, the PSU exhibited the highest polarity and the lowest degree of Rh6G
aggregation. Interestingly, the Coumarin 6 (C6) dye, which exhibited a high QY in PSU, also
showed a similar value of QY in the less polar PS matrix. The polymer luminescent films
described above exhibit considerable potential for applications as planar waveguides and
in light amplification systems, owing to their high refractive index, excellent film quality,
structurization potential and compatibility with organic luminescent dyes.

The same dye (C6) was introduced into the polyelectrolyte matrix — poly(4-styrene

sulfonic acid) (PSSA), where its spectroscopic properties were significantly altered
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compared to those in the other polymer matrices or dye solutions. An equilibrium between
the dication and monocation forms of the dye was found in the PSSA films under varying
RH conditions. Consequently, the light absorption and photoluminescent properties of C6-
doped PSSA films were extensively characterized in the dry state, and in the high-RH
conditions using ultraviolet-visible (UV-Vis) absorption and emission spectroscopies.
Fourier-transform infrared (FT-IR) absorption spectroscopy was used as a complementary
technique to confirm the form of the dye under various RH. The films were demonstrated
as effective colorimetric moisture indicators. They exhibited significant color changes
in daylight, ranging from faint yellow under low RH to intense pink-red at high RH.
The color changes could be also observed under UV light. Due to their submicron thickness,
the films responded rapidly, with a response time of approximately 12—117 seconds during
humidification and less than 1 second during drying process.

In the final part of the research, solubility and photoluminescent properties of dyes
in thermotropic LC matrices were explored. The studies focused on doping with a newly
synthesized diketofurofurane (DFF) dye. The DFF dye was assessed for its luminescent
properties and solubility in thermotropic LCs, demonstrating high luminescence efficiency
in solution, and in the LC phases. In contrast, in the solid state, the DFF dye revealed
significantly lower photoluminescence QY due to its aggregation. This behavior was utilized
to demonstrate a novel approach for fabricating thermofluorochromic materials.
This method leverages the reversible aggregation of the dye, which occurs in a step manner
upon a phase transition of the selected LC hosts induced by temperature changes.
The properties of the DFF dye as a dopant in thermofluorochromic materials were compared
with those of the analogous diketopyrrolopyrrole (DPP) dye and five commercial laser dyes.
Additionally, the application of both the DFF and DPP dyes in LC matrices for light
amplification was demonstrated.

In conclusion, this thesis offered insights into the fabrication and in-depth investigation
of various high-RI dye-doped films (both sol-gel-derived and polymer), highlighting their
potential for use as planar WGs and in creating photonic structures, such as gratings
and microdiscs. Additionally, stimulus-sensitive dye-doped polyelectrolyte films
and LC were fabricated and characterized, demonstrating their potential for application
as RH-sensitive films and thermofluorochromic materials.

These materials have potential applications as sensing cladding layers in planar

photonic devices. This research advances chemical and materials sciences by providing new
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insights into the fabrication and application of various luminescent materials based organic

dyes in planar integrated optics and other photonic technologies.

Streszczenie w jezyku polskim
Organiczne materiaty domieszkowane barwnikami s3 $wietnymi kandydatami
do wytwarzania komponentoéw fotonicznych ze wzglgdu na ich zdolno$¢ do manipulacji
Swiattem poprzez jego absorpcje 1 emisje. Wigkszo$¢ organicznych barwnikoéw
charakteryzuje si¢ emisjg $wiatta w zakresie widzialnym. Dzigki temu moga stanowic
podstawe dla platform fotonicznych dziatajagcych w tym zakresie spektralnym. Gdy barwniki
osadzone s3 w odpowiednio zaprojektowanych matrycach, mozliwe jest dostosowanie
wlasciwos$ci otrzymanego materiatu, takich jak wspolczynnik zalamania (z ang. RI), zakres
spektralny emisji oraz dodatkowe funkcjonalnos$ci, np. wrazliwo$¢ na zewnetrzne bodzce
Dzigki swoim unikalnym wilasciwosciom, takie materialy moga by¢ wykorzystywane
do wytwarzania aktywnych komponentéw do wzmacniania $§wiatta oraz do detekcji
zewnetrznych bodzcow, takich jak np. temperatura lub wilgotnos¢ wzgledna (z ang. RH).
Niniejsza praca doktorska skupia si¢ na opracowaniu i szczegdtowej charakterystyce
materialdw luminescencyjnych aktywowanych barwnikami organicznymi, wskazujac
na ich potencjalne zastosowanie w uktadach fotoniki planarne;.
Badania skupiaty si¢ na trzech systemach materialowych:

e przygotowanych metoda zol-zel na bazie prekursorow alkoksydowych
krzemionki/organicznie modyfikowanej krzemionki (z ang. ORMOSIL) 1 ditlenku
tytanu;

e polimerach, w tym polielektrolicie;

e ciektych krysztatach (z ang. LC).

Ze wzgledu na ich specyficzne cechy podzielono je na dwie kategorie. Pierwsza grupa
obejmowala materialty bedace efektem procesu zol-zel oraz materialty polimerowe
domieszkowane barwnikami zaprojektowane do wytwarzania cienkich warstw o wysokim
wspotczynniku zatamania $wiatta, z potencjatem do strukturyzacji. Druga grupa
obejmowata domieszkowane barwnikami polielektrolit i ciekte krysztaty, ktore sg wrazliwe
np. na zmiany wzglednej wilgotnosci otoczenia lub temperatury. Materiaty zol-Zel,
polimerowe 1 polielektrolitowe domieszkowane barwnikami badane byly gléwnie jako
cienkie filmy o grubosciach submikrometrycznych (glownie w zakresie 100-900 nm)

na podtozach ze szkla sodowo-wapniowego, wytwarzane przy uzyciu prostej, skalowalnej
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i ekonomicznej techniki powlekania zanurzeniowego. Materiaty ciektokrystaliczne byly
badane jako proszki lub w postaci ptynnej (w fazie cieklokrystalicznej i izotropowej).

Wstepne badania koncentrowaly si¢ na warstwach zol-zel otrzymanych
z prekursorow: tetraetoksysilanu (z ang. TEOS) lub trietoksy(3-glicydyloksypropylo)silanu
(z ang. GLYMO) oraz etanolanu tytanu(IV) (z ang. TET). Prace badawcze obejmowaty
szczegbtowe poréwnanie matryc niemodyfikowanych oraz modyfikowanych organicznie,
ktore byty przygotowywane w roznej temperaturze, do 300 °C. Warstwy byly szczegoétowo
badane z wykorzystaniem spektroskopii absorpcyjnej i emisyjnej w zakresie UV-Vis oraz
elipsometrii 1 profilometrii. Badania wykazaty, ze pod wptywem obrobki cieplnej,
koniecznej do zwigkszenia wspolczynnika zatamania $wiatta, matryce modyfikowane
organicznie wykazywaly lepsza stabilno$¢ zawartego w nich barwnika luminescencyjnego
tj. Rodaminy B (z ang. RhB). Wybrane, warstwy niedomieszkowane, przygotowane
w temperaturze 200 °C, mogly pehi¢ funkcje falowodow planarnych (z ang. WG)
na podtozach ze szkta sodowo-wapniowego, wykazujac stosunkowo niski straty optyczne
na poziomie okoto 1 dB/cm, okre§lone za pomocga metody smugowej. Warstwy te wykazatly
réwniez duzy potencjal do strukturyzacji z wykorzystaniem techniki litografii nanodrukowe;j
(z ang. NIL), co umozliwito wytwarzanie sprzegaczy siatkowych na warstwach.

Dodatkowo, przy uzyciu opracowanych warstw zol-zel oraz procesu fotolitografii
(z ang. PL), a nastgpnie mokrego trawienia chemicznego zostaly pomys$lnie wytworzone
luminescencyjne  mikrostruktury ~ w ksztatcie dyskow o stosunkowo wysokim
wspolczynniku zatamania $wiatta. Podczas dalszej optymalizacji czasu wygrzewania
w 200 °C oraz czasu trawienia chemicznego w buforowanym kwasie fluorowodorowym
(z ang. BHF) zwickszono selektywnos$¢ trawienia wzgledem podtoza ze szkta sodowo-
wapniowego. Takie podejscie umozliwilo wytworzenie podtrawionych mikrostruktur
luminescencyjnych, co zostalo potwierdzone za pomoca mikroskopii optycznej
oraz skaningowej mikroskopii elektronowej (z ang. SEM).

Praca doktorska zawiera rowniez badania nad polimerowymi filmami o wysokim
wspotczynniku zatamania §wiatla wytwarzanymi z polistyrenu (z ang. PS), poli(metakrylanu
benzylu) (z ang. PBzMA), poliweglanu (z ang. PC) oraz polisulfonu (z ang. PSU).
Przy uzyciu techniki termicznej litografii nanodrukowej (z ang. TNIL) potwierdzono
ich potencjat do wytwarzania struktur siatkowych, a przy uzyciu metod obliczeniowych —
ich zastosowanie jako potencjalne warstwy §wiattowodowe na podtozach ze szkta sodowo-
wapniowego. Warstwy PSU, charakteryzujace si¢ najwyzszym wspotczynnikiem zatamania

swiatta (1,62) sposrod badanych polimerow, aktywowano réznymi barwnikami
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luminescencyjnymi, aby uzyska¢ szeroki zakres spektralny emisji §wiatla. Ich wtasciwosci
luminescencyjne zostaly szczegdétowo scharakteryzowane. Uwzgledniono takze pomiar
wydajnosci kwantowej fotoluminescencji (z ang. QY), parametru rzadko podawanego
w literaturze dla filmow. Badania te wykazaly najwyzsza wydajnos¢ kwantowa
fotoluminescencji dla barwnikéw z rodziny 7-aminokumaryn. Dodatkowo, barwniki takie
jak Czerwien Nilu (z ang. NR) i Rodamina 6G (z ang. Rh6G) zostaty uzyte jako sondy
do badania polarnosci polimerdéw oraz agregacji barwnika.

Wyniki sugerowaty najnizsza polarno$¢ dla matrycy PS jednocze$nie z najwyzsza
tendencja do agregacji barwnika Rh6G. Natomiast PSU wykazal najwyzsza polarno$¢
i najnizszy stopien agregacji Rh6G. Co ciekawe, barwnik Kumaryna 6 (z ang. C6)
charakteryzujaca si¢ wysoka wydajnos¢ kwantowa w matrycy PSU rowniez wykazat
podobng warto$¢ QY w mniej polarnej matrycy PS. Opisane powyzej polimerowe warstwy
luminescencyjne posiadaja znaczacy potencjal do zastosowan jako falowody planarne
oraz do zastosowania w uktadach wzmacniania $wiatta, wykorzystujac ich wysoki
wspotczynnik zatamania §wiatta, dobra jakos$¢, mozliwos¢ strukturyzacji i kompatybilnos¢
z organicznymi barwnikami luminescencyjnymi.

Ten sam barwnik (C6) wprowadzono do matrycy polielektrolitowej — poli(kwasu 4-
styrenosulfonowego) (z ang PSSA). Jej wiasciwosci spektroskopowe byly catkowicie
odmienne w tej matrycy w poréwnaniu do innych matryc polimerowych lub roztworow
barwnika. W warstwach polielektrolitu stwierdzono rownowage mi¢dzy dwiema formami
barwnika: dikationowg oraz monokationowa, w zaleznosci od zmieniajacych si¢ warunkow
wilgotnosci wzglednej. W zwigzku z tym, szczegdélowo scharakteryzowano wiasciwosci
spektroskopowe materialu zarowno w stanie suchym, jakiw warunkach wysokiej
wilgotnosci, wykorzystujac techniki spektroskopii absorpcyjnej i emisyjnej w zakresie UV-
Vis. Spektroskopia absorpcyjna w podczerwieni z transformacja Fouriera (z ang. FT-IR)
zostala wykorzystana jako technika uzupelniajagca w celu potwierdzenia formy barwnika
w matrycy PSSA w rdéznych warunkach wilgotnosci wzglednej. Przedstawiono takze
zastosowanie warstw jako proste kolorymetryczne wskazniki wilgoci. Podczas obserwacji
w S$wietle dziennym zauwazono wyrazne zmiany koloru, od jasnozoéttego przy niskiej
wilgotnosci wzglednej do intensywnie réozowo-czerwonego przy wysokiej wilgotnos$ci.
Zmiany zabarwienia byly takze obserwowane w $wietle UV ze wzgledu na zmiang
wlasciwosci fotoluminescencyjnych materiatu. Ze wzgledu naswoja submikronowag
grubos¢, filmy reagowaty szybko, z czasem odpowiedzi wynoszacym okoto 12—117 sekund

podczas zawilgocenia 1 ponizej 1 sekundy podczas procesu suszenia.
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W ostatniej cze$ci prac badawczych zbadano rozpuszczalno$§¢ oraz wihasciwosci
fotoluminescencyjne  barwnikow  organicznych ~w  termotropowych  matrycach
ciektokrystalicznych, koncentrujac si¢ na domieszkowaniu nowo zsyntetyzowanym
barwnikiem z grupy diketofurofuranéw (z ang. DFF). Barwnik z tej grupy zostat oceniony
pod katem jego wlasciwosci luminescencyjnych oraz rozpuszczalnos$ci w termotropowych
ciektych krysztatach i wykazal wysoka wydajno$¢ fotoluminescencji w rozcienczonych
roztworach rozpuszczalnikow oraz w fazach ciektokrystalicznych. Natomiast w fazie
krystalicznej wykazat znacznie nizszg wydajnos¢ kwantowg fotoluminescencji z powodu
agregacji. Zachowanie to wykorzystano do zaprezentowania nowatorskiego podejs$cia
do wytwarzania materiatow termofluorochromowych. Metoda ta opiera si¢ na odwracalnej
agregacji barwnika podczas przejScia fazowego wybranej matrycy ciektokrystalicznej
podczas zmiany temperatury. Wlasciwosci barwnika DFF jako domieszki w materiale
termofluorochromowym poréwnano z wilasciwosciami analogicznego barwnika z grupy
diketopirolopiroli (z ang. DPP) oraz pigciu komercyjnych barwnikéw laserowych. Ponadto,
zaprezentowano  zastosowanie = do wzmacniania  $wiatla,  barwnikéw  z grupy
diketofurofuranéw oraz diketopirolopiroli w matrycach cieklokrystalicznych.

Podsumowujac, niniejsza praca dostarczyta wiedzy na temat wytwarzania roznych
cienkowarstwowych filméw domieszkowanych barwnikami o relatywnie wysokich
wspotczynnikach zatamania, (zaré6wno pochodzacych z procesu zol-Zel, jak 1 polimerowych)
oraz ich szczegdtowych badan. Jednoczesnie podkreslono potencjal badanych materiatéw
do zastosowania jako warstwy Swiattowodowe oraz do wytwarzania struktur fotonicznych,
takich jak periodyczne struktury siatkowe oraz mikrodyski. Dodatkowo, wytworzono takze
1 scharakteryzowano filmy polielektrolitowe i ciekte krysztaty domieszkowane barwnikami,
ktoére wykazywaly wilasciwosci spektroskopowe wrazliwe na bodzce zewnetrzne. Takie
materiaty moga znalez¢ zastosowanie jako pokrycia falowodéw planarnych
o wlasciwosciach sensorycznych w planarnej fotonice.

Przedstawione w niniejszej rozprawie badania przyczyniaja si¢ do postgpu nauk
chemicznych i1 wiedzy o materiatach, oferujac nowe spojrzenie na wytwarzanie
1 zastosowanie opartych na barwnikach organicznych materialow luminescencyjnych

w zintegrowanej optyce planarnej oraz technologiach fotonicznych.
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1. General introduction

The beginnings of the development of integrated optics date back to the second half
of the 20™ century, when a new field of scientific activity emerged based on WG optics
and thin-film technologies. The term ,,integrated optics” was first used in 1969 by Miller [1]
and referred to single optical elements fabricated on a flat substrate. The meaning of this term
was expanded in 1977 by Tien [2]. Since then, integrated optics has been understood
as multiple functional optical components integrated onto a single substrate. Research
in the field of integrated optics has two main objectives: to apply thin-film technology
to the formation of optical devices and circuits and to integrate multiple optical devices onto
a small substrate [2]. Such components include light sources (such as lasers), optical filters,
modulators, amplifiers, photodetectors, and sensors.

The rapid advancement of integrated optics has begun in the late 1980s, driven
by the growing demands of fiber optic telecommunications. In this field, the development
of optical integrated circuits capable of processing optical signals using optical methods
is essential. The total market for integrated optics grew from approximately 13.4 million
USD in 2001 to 2,625.3 million USD in 2005 [3]. The rapid development of this field
is evident from the significant growth in the market. In 2022, the global photonic integrated
circuits market size was valued at 10.3 billion USD, with forecasts indicating that it will
reach 63.6 billion USD by 2031 [4]. Currently, integrated optical devices
for telecommunication applications are based on silicon [5] and InP [6]. However, in the last
decade, considerable efforts have been made to develop alternative photonic platforms.

According to the reference [7], there are currently three technologically matured planar
photonics platforms based on InP, SOI, and SiN. They offer a high RI of 3.4, 3.42, and 2.0,
respectively. Moreover, these platforms are characterized by low optical losses — around
0.4 dB/cm for InP and even below 0.1 dB/cm for SOI and SiN. Despite these advantages,
only the SiN platform provides transparency in the visible range of the spectrum, where
many optical biological sensors benefit from increased sensitivity compared to the near-
infrared range, where silicon-based photonic devices are commonly employed [8].

Although the mentioned platforms are technologically mature, their implementation
costs remain high. Each of them substantially differs in terms of their advantages
and limitations. Therefore, they may be aimed for various applications. High RI contrast and
low optical losses are highly desirable for many applications. Moreover, for the fabrication
of sensors, chemical resistance is particularly important due to the sensor’s contact with

various analytes.
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In recent years, an emerging alternative technology has attracted attention — the sol-gel
photonic platform based on SiO; and TiO; materials. Compared to the aforementioned
platforms, it has several advantages, including the ability to tailor the RI, transparency
in the visible range of the spectrum, relatively low optical losses — even as low as 0.1 dB/cm,
and low implementation costs [7]. Furthermore, compared to the other platforms,
due to the relatively low temperature of the sol-gel synthesis and layer fabrication, the sol-
gel materials are compatible with luminescent organic dyes [9-14]. This opens
up the possibility for cost-effective fabrication of luminescent active components operating
in the visible range.

Another type of material enabling relatively simple and efficient doping with various
luminescent dyes, covering a wide emission spectral range from UV-Vis [15] even
to NIR [16], are polymers. In recent years, they have attracted more attention from
the scientific community, enabling application in light amplification systems [17-22], solar
cell concentrators [23], WGs [15,24], optical fibers [25-27], and sensors [20,28,29]. Similar
to sol-gel materials, they provide transparency in the visible spectral range, unlike,
for example, the SOI platform. Their optical losses are on the acceptable level for being
applied as planar photonic components [3,30]. Additionally, in contrast to all the previously
mentioned platforms, polymers may offer the potential for cost-effective roll-to-roll
production in the future. Polymer materials present considerable potential for integration
with other platforms, such as SOI [16] or SiN [8,31,32], facilitating the fabrication of hybrid
organic-inorganic laser devices. However, a significant disadvantage of polymer materials
is their relatively low RI, typically around 1.50 for most polymers, which greatly limits
the miniaturization potential  of the polymer-based photonic integrated circuits.
Nevertheless, some exceptions among polymer materials have a higher refractive index
(above 1.50), and these will be discussed in a later section of the thesis.

Liquid crystalline materials, sol-gel-derived materials and polymers, can be easily
doped with various luminescent dyes due to their sufficient solubility in such matrices.
This makes them particularly attractive for photonics applications as alternative gain media
for light amplification [33—-37]. Liquid crystal materials offer additional functionalities,
such as the response of the molecular arrangement to temperature, leading to phase
transitions between crystalline, liquid crystalline and isotropic phases. Moreover,
the orientation of molecules in the LC phases can be switched using an applied voltage.
Therefore, these materials are additionally interesting from the point of view of preparation

of temperature sensors and electro-optical switches, enabling the conversion of the electrical
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signals into optical response. However, due to their liquid-like properties, as described later
in this dissertation, their use for manufacturing conventional photonic components,
such as WGs is limited. The miniaturization of LC-based photonic components has not yet
reached the level of maturity observed in the aforementioned platforms based on other solid
materials. Nevertheless, there are reports of using LCs in planar photonics as the core
material for light confinement or as claddings [37]. However, most applications of dye-
doped LC materials focus on light amplification, which can be achieved in one-dimensional
helical cholesteric materials [38], three-dimensional photonic-bandgap materials [39], free-
standing cholesteric LC elastomers [40] or chiral ferroelectric smectic materials [41]. Taking
advantage of the above-mentioned sensitivity of the molecular arrangement
of the LC molecules to external stimulus, various methods for tuning emission using light,
electricity or temperature have also been presented in the literature [42—46].

The choice of organic luminescent dyes as dopants for photonics applications
is influenced by their ability to absorb and emit light. There are many families of organic
dyes, differing in properties such as light absorption and emission spectral ranges,
photoluminescence QY, solubility in solvents, etc. The light absorption and emission
properties of many dyes may vary upon changes of the properties in local environment
such as pH. This potentially allows for the conversion of information about these properties
into an optical response (changes of light absorption or emission), making them attractive
for sensors in integrated photonics.

Due to the well-documented aggregation quenching effect in organic dyes,
they are seldom used in their pure form. Instead, low concentration of dyes is employed
to mitigate this issue. However, the use of organic dyes in liquid solvents poses practical
challenges for device fabrication and further miniaturization. On the other hand, organic
dyes can be embedded in various matrices, including sol-gel materials, polymers,
and LCs, as mentioned earlier. This enables the processing of these materials into desired
shapes, such as thin films or specially designed LC cells, but also allows for the control
of the luminescent dye's properties by adjusting the composition of the dye-doped system.
The proper combination of dye and matrix is crucial to achieve systems with desired
properties, including RI, absorption and emission spectral ranges, photoluminescence
QY, and functionalities such as sensitivity to external stimuli — pH, temperature,
RH, etc. These factors significantly impact the potential application of materials in light

amplification and sensing systems. Therefore, investigating the compatibility between
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the matrices and dyes is essential for developing new functional materials, including those

for the integrated photonics devices.

2. Objectives of the thesis

The main goal of this thesis was to develop new dye-doped systems with tailored optical and
stimulus-responsive properties for use in photonics. The research mainly focused
on the compatibility of the organic dyes with various matrices. The main research question

arising from this objective, addressed in the doctoral dissertation was: How do the types

of luminescent organic dve and matrix influence the possibility and effectiveness

of using such systems in potential photonic systems?

To answer this question, appropriate matrices for organic luminescent dyes were

selected for the research, which can be categorized into three primary groups:

e sol-gel-derived materials,

e polymers (including polyelectrolytes),

e LGCs.
The research was driven by the need for matrices that could be processed into thin films,
function as planar WGs on soda-lime glass substrates, or exhibit stimulus-responsive
properties. These matrices could potentially affect the properties of the embedded
dye and serve as sensing materials suitable for photonic applications.

Suitable polymers, as well as sol-gel materials based on silicon alkoxides
and titanium(IV) alkoxide, were selected due to their relatively high values
of RI. Polyelectrolytes and thermotropic LC matrices were additionally chosen for their
unique stimulus-responsive properties. Representative laser dyes from various chemical
groups, including rhodamines, coumarins, BODIPYSs, oxazines, and styryls were chosen
as organic luminescent dopants.

For the high-RI and film-forming materials, the key objective was to determine the thin
layer properties such as RI and thickness. To act as effective planar WGs on soda-lime
glass substrates, the thickness of the WG film and the RI contrast between
the WG and the substrate needed to be sufficiently high. Dip-coating was selected
as the primary technique for the preparation of the layer due to its simplicity
and applicability with various types of materials. Additionally, it offers significant scalability
potential, allowing for the deposition of layers on large-area substrates or across multiple
substrates simultaneously in a single process. The preparation conditions of the polymer

and sol-gel layers needed to be optimized to achieve layers with the desired properties.
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This involved examining how the concentration and type of polymers,
as well as the substrate withdrawal speed, affect the thickness and RI of the resulting
polymer films. Additionally, the study explored how the sol composition and heat treatment
conditions of the sol-gel layer affect its thickness and RI. Furthermore, to assess the potential
of the fabricated systems for photonics applications, their ability to be structured needed
to be evaluated. To fabricate periodic, WG, and microdisc photonics structures, appropriate
structurization techniques, including imprint lithography and wet-chemical etching, were
employed. At the same time, dye-doped analogs of the high-RI sol-gel-derived and polymer
films were produced. The goal was to conduct a detailed characterization of their
luminescent properties, including photoluminescence QY, to assess the light conversion
efficiency of the dyes within these matrices.

Separately, the compatibility of different dyes with polyelectrolyte and LC matrices
was investigated. It included detailed spectroscopic characterization, and in the case
of polyelectrolyte, the optimization of coating conditions. As a result of careful investigation
of the interaction between the matrix and the luminescent dopant, it was possible to fabricate
dye-doped systems with stimulus-responsive properties:

e dye-doped polyelectrolyte films exhibiting humidity-sensitive luminescent

properties,

e dye-doped liquid crystalline systems showing thermofluorochromic properties.
Luminescent dye-doped polyelectrolyte systems were likewise fabricated as thin films,
similar to polymer and sol-gel-derived materials. Dye-doped LCs were produced as bulk
materials. The obtained systems were thoroughly characterized in terms of their stimulus-
responsive properties. This included determining the effects of RH on the spectroscopic
properties of the dye-doped polyelectrolyte films and the influence of temperature
on the spectroscopic properties of the dye-doped LCs. For the liquid crystalline systems,
additional studies were conducted to assess the solubility of the organic dyes. The overall

concept of the research outlined in this dissertation is illustrated schematically in Fig. 1.
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* Fabrication and determination of the optical, WG,
and spectroscopic properties of the layers

¢ Structurization using NIL/TNIL and wet-chemical
etching

High-RI
polymers and
sol-gel materials

* Fabrication and determination of the optical and

Organic spectroscopic properties of the layers
luminescent Polyelectrolytes p : -p prop o y ; :
dyes * Investigation of the humidity-responsive properties

of the layers

* Examination of spectroscopic properties of LC
Liquid crystals mixtures and determination of the dye solubility
* Investigation of the thermofluorochormic
properties of dye-doped LC mixtures

Figure 1 A diagram illustrating the research topics related to the studies of organic

luminescent dyes in various matrices.

3. Theoretical background

3.1. Introduction to integrated photonics

Optical WGs are the fundamental building blocks that connect all active components,
including modulators, photodetectors, and lasers, in integrated optical systems. They enable
the guidance of the light at specific distances. They operate based on physical mechanisms
such as light reflection at interfaces, photonic crystal structures, or plasmonic effects
at metals [47].

The most commonly used are planar dielectric WGs. These are composed of a slab
of dielectric material with a relatively high RI, known as the core, which is surrounded
by a material with a lower RI, referred to as the cladding. One of the cladding layers
1s sometimes called a substrate, especially when the Rls of the cladding and substrate differ.
Such structures are then called asymmetric slab WG. Alternatively, when the RIs
of the substrate and cladding are the same, a symmetric slab WG is formed. The optical
confinement in a planar WG occurs in only one transverse direction (x). The structure
of a planar WG with a guided ray is illustrated schematically in Fig. 2.

The structure presented below can guide the light over specific distances.
An electromagnetic wave which propagates along the WG with a distinct phase velocity,
group velocity, cross-sectional intensity distribution, and polarization, is called a WG mode
[48]. Each mode propagates through the WG with a phase velocity of ¢/nef, where ¢ denotes
the speed of light in vacuum and ney 1s the effective RI of that mode. This indicates how

strongly the light is confined to the WG core.
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Figure 2 Planar slab WG with marked guided ray. Own elaboration based on [49].
To understand modes intuitively, we may consider a basic step-index 2-D (planar) WG with

a coherent light incident at an angle 6 between the wave’s propagation direction

and the normal to the WG interface, as depicted in Fig. 3.
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Figure 3 a-c) Ray-optical picture of modes propagating in an optical WG. Own elaboration
based on [48].

The critical angle for total internal reflection at the upper interface (0..4p) is given by:

. Ncrap
Ocrap = sin~'(——) 1
NcorE ()
and at the lower interface (6..4p), it 1s:
. _1,NsuBs
Osyps = sin™! (—— (2)

NcorE

where ncrap, ncore and nsuss are the Rls of a planar WG’s cladding, core, and substrate,
respectively.

As presented in Fig. 3a, as the wave is reflected back and forth between the two
interfaces, it interferes with itself. A guided mode can exist only when a transverse resonance
condition is satisfied so that the repeatedly reflected wave has constructive interference with
itself. Modes with lower n.yradiate and the optical power will leak to the cladding regions.

They can be categorized as:
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e substrate radiation modes (Fig. 3b), where the total reflection occurs only at the upper
interface, resulting in refraction of the incident wave at the lower interface from
either the core or the substrate,

e substrate-cover radiation modes (Fig. 3c), where the total reflection does not occur
on both interfaces and the incident wave is refracted at both interfaces, and it can

transversely extend to infinity on both sides of the WG.

The dimensions of the WG are crucial in determination of the modes that can propagate
within it. Typically, WG can support modes with two independent polarizations, where
the dominant magnetic (quasi-TM) or electric (quasi-TE) field component lies along
the transverse (horizontal) direction. For many practical applications, WG should function
in a single-mode regime for each polarization. Achieving this single-mode operation
involves reducing the WG’s dimensions to the point where all higher-order modes become
radiative and do not propagate.

The fields within a planar WG can be categorized based on the nature
of the longitudinal field components. For a planar WG, the modes are either TE or TM,

as follows:

e Transverse Electric Mode (TE mode) — the electric field component along
the longitudinal direction is zero (£-= 0), while the magnetic field component is non-
zero (H: # 0).

e Transverse Magnetic Mode (TM mode) — the magnetic field component along
the longitudinal direction is zero (H: = 0), but the electric field component is non-

zero (E-# 0).

Thin films, which often form planar WGs are fundamental components for further
fabrication (via structurization techniques) of more complex photonic structures, such
as presented in Fig. 4: a) rib [50], b) ridge, or c¢) reverse rib WG [51], and resonators for light
amplification such as d) WGM resonators (ring and disc-shaped) [52-57] or e) DFB
resonators [58—61] and grating couplers [62—64].
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Figure 4 Schematical representation of various types of WG and active photonic

components.

The WGM resonators are widely employed in photonics allowing to confine the light by total
internal reflection along their curved surface. When such a resonator contains
or is surrounded additionally by a gain medium (e.g. luminescent dye-doped material)
and the excitation light is circulating inside the resonator with low optical losses,
the amplification of the emission can occur. Similarly, DFB resonators can achieve light
amplification through a periodic structure that provides wavelength-selective feedback.
However, such periodic structures can be used also as a grating coupler [63]. They may
manipulate the propagation direction of incident light, enabling efficient coupling between
free-space light (or light from a fiber) and guided modes in a WG. Thus, the light

can be introduced into the WG structure in a relatively simple way.

3.2. Principles of luminescence of organic dyes
Luminescence is a phenomenon in which light is emitted following the excitation
of amolecule to an electronic excited state. When this excitation is caused by light,
it is specifically known as photoluminescence. Two processes can be distinguished based
on the type of excited state of the molecule from which the emission occurs: fluorescence,
which involves emission from the singlet excited state, and phosphorescence, which involves
emission from the triplet excited state.

In the fluorescence process, relaxation from the singlet excited state to the ground state
is spin-allowed, enabling it to occur rapidly as a photon emission with a rate

of approximately 10® s, This results in a fluorescence lifetime of approximately 10 ns.
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In the phosphorescence process, relaxation from the triplet excited state to the ground state
is spin-forbidden. This results in much lower emission rates, in the order of 10° to 10° s™!,
which corresponds to significantly much longer phosphorescence lifetime, from
milliseconds to seconds [65]. The various processes a molecule may undergo following
the light absorption are schematically illustrated using Jablonski diagram, shown in Fig. 5.
It presents various electronic states in which the molecule can exist: the singlet ground state
(So), and singlet excited states (S1 and S»), and the triplet excited state (T1). Moreover, at each
of these specific electronic energy levels, the molecule can occupy various vibrational

energy levels (0, 1, 2, etc.).

Energy levels Vibrational relaxation (10'2-10-1s) —— Absorption (10-'%s)
- Internal conversion (10-1'-10-s) ——— Fluorescence (10--10-7s)
4 ====% Intersystem crossing (10-1°-10% s) ~——> Phosphorescence (1010 s)
4 Delayed fluorescence (10-5-10-)
5,
]
=11]
]
= B4 !
Sl ’[, :
R B sz .
So

Figure 5 The Jablonski diagram illustrating various types of electronic transitions.

Own elaboration based on [65,66].

After light absorption, the molecule is excited to a higher-lying vibrational level
of the excited states (Si, Sz2). At this stage, internal conversion and vibrational relaxation
processes occur, which are several orders of magnitude faster than radiative relaxation.
Therefore, internal conversion and vibrational relaxation usually take place before light
emission, so fluorescence typically arises from the lowest energy vibrational state of Si.
The molecule in the S; state can undergo an intersystem crossing to the first triplet state (T1).
Relaxation from this state can occur in two alternative ways: via phosphorescence, where
the molecule undergoes a transition from the triplet excited state Ti to the singlet ground
state So, or via reversed intersystem crossing to the S; state, followed by the radiative
relaxation process to the ground state (So). The second process is known as delayed

fluorescence and is characterized by emission occurring in the same spectral range
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as fluorescence but with noticeably longer lifetime. From the S; state the molecule can also
relax non-radiatively, via vibrational relaxation, which results in no observable light
emission.

A key feature of fluorescence is that the fluorescence spectrum remains the same
regardless of the excitation wavelength. This phenomenon is known as Kasha's rule [67].
Similarly, according to Vavilov's report, the QY of emission is independent of the excitation
wavelength [68]. Sometimes, a molecule may exist in different ionization or aggregation
states resulting in a mixture of different emitting species in a given medium. Therefore,
performing wavelength-dependent excitation and emission measurements by selectively
exciting only one emitting species e.g. only the aggregated form of the dye, can provide

valuable information about the investigated system.

3.2.1.Most commonly known classes of organic fluorescent dyes

Organic dyes’ molecules consist of multiple conjugated double bonds, which significantly
influence their spectral properties and chemical reactivities. A wide range of molecular
structures among organic dyes has greatly contributed to the development of dye lasers,
which can emit light across various spectral ranges, including the near-ultraviolet and NIR
regions.

Over 500 different dyes with unique absorption and emission properties are available
commercially from companies such as Luxottica Exciton. Compared to other light-emitting
materials, such as those based on lanthanide ions, organic dyes offer relatively broad
absorption bands with higher absorption coefficients, facilitating their efficient excitation.
Moreover, their broad emission bands not only enable achieving light amplification in wider
spectral range compared to rare earth ions, but also facilitate fabrication of tunable laser light
sources.

The three most well-known classes of laser dyes are coumarins, xanthenes,
and BODIPYs [69]. A basic unit of coumarin is presented in Fig. 6. Coumarin shown
in Fig. 6a is not fluorescent itself. The most common modification of the coumarin unit that
produces a fluorescent molecule involves introducing electron-withdrawing groups
at position 7, such as a diethylamino group, and electron-donating groups at positions

3 and 4 (see the structure in Fig. 6b) [70,71].
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Figure 6 The structural formulas of a) coumarin with carbon atom labeling b) coumarin

derivatives substituted at 3- and 7-positions.

Xanthenes are a class of organic dyes that includes rhodamines, eosins, and fluoresceins.
They consist of xanthene core but vary with the substituents. On the other hand, there is also
arather new category of dyes — BODIPYSs, often commercially referred to as pyrromethenes.
The general structural formulas of xanthene dyes (rhodamine and fluorescein), and BODIPY

dye are presented in Fig 7a and Fig 7b, respectively.

a)

Fluorescein N
R = + N R
TN\ NN 1
O \fB\
Xanthene core O Ri FF Ry

H,N E ‘ NH

Rhodamme

Figure 7 The structural formulas of a) xanthene dyes’ core with exemplary representatives

of xanthene dyes and b) BODIPY dye.

Xanthene dyes are generally characterized by high emission efficiency and good
photostability [69]. Their main limitation lies in their strong tendency to aggregation, which
often leads to distinct changes in fluorescent properties and, most importantly, a decrease
in emission efficiency. This behavior is observed not only in aqueous solutions [72,73]
but also in sol-gel materials [74—76] and polymers such as PVA [77].

The basic structural unit of BODIPY (presented in Fig. 7b) is a dipyrromethene unit
complexed with boron atom, typically forming a BF> complex. BODIPY dyes exhibit high

emission efficiencies, and good solubility in solvents and solid matrices like polymers. They
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are widely used as fluorescent switches, chemosensors, and laser dyes. The BODIPY
structure offers numerous positions for chemical modification, allowing for adjustments
of the dye's fluorescence properties [78]. The most well-known and commercially available
dyes from this family are PM567 and PM597, which are substituted at R; positions with
ethyl or tert-butyl groups, respectively, and with methyl groups at Rz, R3 and R4 positions
(Fig. 7b).

Other classes of dyes are also of interest due to their potential applications in photonic
devices such as lasers. These classes include stilbenes, cyanines, oxazines, and other
examples such as POPOP, DCM, and DCJTB [69]. Additionally, there are DPP and DFF
dyes, which are worth mentioning. Their general chemical formulas are presented
in Fig. 8a and Fig. 8b, respectively.

a) b)
R

12 2
oM Ar Ol Ar
R = H, alkyl, aryl, acyl

Ar = aryl or heteroaryl
ArTeNya 0 ArTeNga—0

DPP DFF
Figure 8 General structural formulas of a) DPP and b) DFF dyes with atom numeration.

DPPs (Fig. 8a), initially discovered in the early seventies of the 21% century as organic
pigments, nowadays are also a widely recognized group of organic luminescent dyes.
The transformation of poorly soluble pigments into highly soluble dyes was possible
due tothe  N-alkylation ofthe pyrrole rings. These dyes are  based
on the 2,5-dihydropyrrolo[4,3-c]pyrrolo-1,4-dione core. The majority of the compounds
from the DPP family (Fig. 8a) are substituted at positions 3 and 6 with aromatic substituents
[79]. As mentioned above, high solubility in solvents can be achieved for DPP after
N-alkylation (resulting in up to a 30-fold solubility increase). This effect is caused
by a reduced tendency to form hydrogen bonds between C=0 and N—H groups of adjacent
DPP molecules [80]. Such substitution also alters the optical properties, by affecting the
electron density of the nitrogen atom being a main part of the dye's chromophore unit.
Moreover, the introduction of extra groups at the N position increases the steric hindrances
of the substituents at positions 3 and 6. This, in turn, may cause their rotation relative

to the molecule's core, weakening the conjugation of the double bond [79].
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The group of dyes, structurally very similar to DPP, is the DFF family (Fig. 8b). The main
difference is the presence of lactone groups in the DFF core instead of lactam groups present
in the DPP core. Due to the absence of intermolecular hydrogen bonds in DFF, they
are expected to have a significantly higher solubility in typical organic solvents than
the corresponding DPP pigments. Nevertheless, DFF dyes have been studied less intensively
in the literature [81]. They have mainly been used as an intermediate compound in the
synthesis of DPP and polymers containing the N-Aryl DPP chromophore in the main chain
[82]. However, they have recently attracted researchers' attention as potential singlet fission

chromophores [83]. Thus, their full application potential has yet remained undiscovered.

3.2.2. Effect of environment on the fluorescent properties

Although various dyes may behave completely differently in certain matrices due to their
distinct chemical structures, some general types of dyes’ behavior can be distinguished.
Since the dye is embedded in a matrix, the fluorescence properties of the final material
can be strongly dependent on the type of dye and the nature of the implemented matrix.
The optical properties of the dyes can be altered by modification of the polarity or acidity
of the matrix. Therefore, it is expected that the latter will only affect dyes that are susceptible
to protonation or deprotonation. Besides, the formation of dye aggregates in certain solvents
or solid matrices may have a tremendous effect on the fluorescent properties of the dye-

doped system. These effects will be discussed further below.

Matrix polarity

The emission properties of a fluorescent dye can be significantly influenced by the solvent
polarity, a phenomenon known as a solvatochromic effect. Fig. 9 presents the reason
for this effect, together with an example of a dye exhibiting a solvatochromism.

The mechanism of this phenomenon can be explained in terms of the dipole moments
of the molecule in the excited («£) and ground states (ug). After the excitation of the dye
molecules by light, the solvent dipoles can relax or reorient around the ug, reducing
its energy. This is possible because, in most cases, the fluorescence lifetimes are longer than

the solvent relaxation time.

30



a) b)

Nile Red
rCH3
Q.
S, : Internal conversion and ‘ OKJ/N\l
y vibrational relaxation O N CH,
1 (10"25)
I
S + 210
HE LS Less polar solvents 2
¥ Solvent relaxation® 4 : 5 0.8
(101%s) \ More polar solvents _s 0.6
v sps N 04
(10-155) hvgrvos | Bvervoz | (10°s) T /
\ 4 A 4 £ 02
7 2
v ¥ ¥ T T r
So 500 550 600 650 700

Mg
wavelength (nm)

Figure 9 a) Jablonski diagram for a fluorescence with a solvent relaxation. Own elaboration
based on [65]. b) Normalized emission spectra of NR in solvents of different polarity (from
green to black — hexane, toluene, chloroform, acetone, methanol, water). Own elaboration

based on [84].

As the solvent polarity increases, this effect becomes more pronounced, causing the emission
spectrum to shift toward lower energies (longer wavelengths) [65]. This process can
be illustrated schematically using Jablonski diagram presented in Fig. 9a (see AvrLuor and
hviruoz). Only fluorophores, which are polar themselves can exhibit high sensitivity
to the solvent polarity. For example, in the case of NR and its derivatives, such behavior can
be observed in isotropic liquid solvents [84,85], as presented in Fig. 9b. In this case, higher
polarity of the solvent leads to a significant shift of the emission maximum, as well
as a reduction of QY and fluorescence lifetime [85]. Moreover, the solvatochromic effect
of NR has been reported in polymer matrices such as PE, PP, PET, and PVC [86], as well
as low-density PE, PS, PET, and Nylon [87], leading to significant fluorescence spectral
shifts and changes in the fluorescence lifetime. Moreover, similar behavior has also been

observed in highly anisotropic solvents such as LCs [88].

Protonation of the dye
Some of the dyes can form various forms depending on the pH of the solvent or in general
acidity of the matrix. Due to protonation or deprotonation reactions of the dye caused
by pH changes, its luminescent properties, such as QY or the emission spectral range,
can vary. An excellent example can be found in the 7-aminocoumarin class of dyes
(for the structural formulas, see Fig. 6b).

When acid is added to a solution containing a 7-aminocoumarin derivative with
a benzothiazole unit, firstly, the protonation at the N atom in the benzothiazole takes place.

This is associated with a redshift in the dye's absorption and emission bands. The main reason
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of this phenomenon is the increase of the electron-withdrawing ability of the benzothiazole
group, which enhances the dye's internal charge transfer character [71,89-94].
With the further lowering of the pH (addition of acid), protonation on the exocyclic N atom
occurs [71]. This is characterized by the appearance of an absorption band near
the UV range, which is connected with a diminished conjugation and charge transfer
interaction in the coumarin chromophore [71,89]. When considering the application
potential of such coumarin derivatives, the acidity of the matrix must be considered, as it can
visibly alter the photoluminescent properties of the dye. However, these interesting acid-
base properties can be implemented for the fabrication of various functional materials
involving, e.g. pH dependent membranes [29], acidochromic photonic barcodes or lasers
[94,95], as well as for detecting acid sites in zeolites [89] or generated photoacid

in polymers [90].

Aggregation of the dye

One of the key factors determining the suitability of a luminescent dye for use in a specific
matrix is its susceptibility to aggregation. This is especially important in planar photonic
applications, such as light amplification, where high optical density is typically required.
Considering the goal of device miniaturization, layers with a small thickness are usually
implemented. Under such conditions, the dye concentration must be high, which increases
the tendency of the dye molecules to form aggregates. This, in turn, may tremendously
reduce the photoluminescence QY of the dye, which is not an AIE type of dye. Therefore,
studies describing the interactions between the dye and the host material are of great interest
[96,97].

Exciton theory, based on dipole-dipole interactions between monomers in aggregates,
can predict a splitting of the excited state energy levels, thereby revealing altered
spectroscopic properties of the dye’s dimers [98]. Fig. 10 shows the exciton splitting
of the electronic excited state energy levels for various geometric orientations
of the monomer units within the dye’s dimer structure.

There can be several different relative orientations of the dye molecules within
the aggregates. In the first, the so-called H-dimer, the monomer molecules are located
in parallel planes, as presented in Fig. 10 (Case A). In this type of dimer, the transition
to the highest excited state is allowed (4vp,;in Fig. 10), while the deactivation process occurs

non-radiatively from the lowest excited state (dashed lines in Fig. 10).
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Figure 10 The exciton splitting of the electronic excited states energy levels for different
geometric relative orientations of the monomer units in the dimer structure of the dye.

Own claboration based on [97].

Nevertheless, when this ideal planar structure is disrupted and the molecules in the sandwich
H-dimer are twisted relative to each other an angle y (Case D in Fig. 10), after the transition
to the higher excited state (/v,), the deactivation process from the lowest excited state
can occur radiatively (4v;). This results in an emission band at longer wavelengths (lower
energies) compared to the monomer emission (4vy). The transition moment depends on the
angle y, so twisted dimers with a small rotation angle exhibit negligible fluorescence
intensity and generally act as strong emission quenchers.

On the other hand, aggregates known as J-dimers, are fluorescent, with an emission
band located at higher wavelengths (lower energies - 4v,, hvp;) compared to monomers.
Nonetheless, the emission capacity of such aggregates depends strongly on the relative
orientation of the monomers in the dimeric structure (6 and y angles), which can form head-
to-tail dimers (Case B in Fig. 10), oblique head-to-tail dimers (Case D in Fig. 10)
and coplanar-displacement dimers with an angle & smaller than 54.7° (Case C in Fig. 10).

The aggregation behavior of dyes is well-documented for xanthene-based dyes.
Reports on aggregates formation for these dyes have been documented in various
environments, including water solutions [75,99], alumina [100] and titania [74] sol-gel
materials, and PVA polymer [77]. As an example, insights into the aggregation of Rh6G

were provided by extensive UV-Vis spectroscopy research of this dye in laponite clay
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[96,97]. To illustrate the observable aggregation of the dye, the key results of UV-Vis
spectroscopy investigation of the Rh6G-doped laponite are presented in Fig. 11.
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Figure 11 a) Height-normalized absorption spectra and b) values of absorbance
at a maximum of Rh6G adsorbed in laponite films for different relative dye/clay
concentrations in the range of 0.1-60 % of cation exchange capacity (CEC) corresponding
to a-j curves. ¢) Height-normalized emission and d) excitation spectra of R6G/laponite films

for different relative loadings. Own elaboration based on [96,97].

The most significant finding is the appearance of a short-wavelength absorption band
component with the increasing dye loading in the laponite, indicating the formation
of the dye aggregates in the more concentrated and strongly light-absorbing samples
(Figs 11a and 11b). Similarly, significant changes were observed with the dye concentration
using the photoluminescence spectroscopy. This included a notable redshift of the emission
band (Fig. 11c) and the appearance of a short-wavelength component in the excitation
spectrum (Fig. 11d), as well as broadening of both types of spectra. Although these changes
were ascribed to oblique head-to-tail dimers, the presence of other type of dimers could not

be excluded.
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Reabsorption of light
Concentration quenching effects may appear at high dye concentrations, arising from various
interactions such as radiative and non-radiative transfer or excimer formation [65]. However,
in some cases, the reabsorption of the emitted light cannot be ignored. When
a photoluminescent sample with high optical density is used for measuring emission spectra,
attenuation of incident light or reabsorption of the emitted light may occur due to the high
level of light absorption by the sample. These two effects are referred to as the primary
and secondary inner filter effects, respectively.

The reabsorption effect is particularly noticeable in dyes with a very small Stokes shift.
It can often exhibits spectral features such as red-shifted emission similar to, for example,
dyes’ aggregates, or a deformed shorth-wavelength part of the emission band. Examples

are presented in Fig. 12.
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Figure 12 Effect of the concentration of: a) anthracene and b) Rh6G dyes in solution

on the emission spectra presenting reabsorption. Reproduced from [65,101].

In the case of anthracene solutions, increasing concentration leads to the attenuation
of the short-wavelength component of the emission spectrum (Fig. 12a). Similarly, in Rh6G
solutions, higher dye concentration causes a change in the photoluminescence color and
redshift of the emission maximum (Fig. 12b). Such effects may often be mistaken for dye
aggregation, which can exhibit similar characteristics. To confirm whether the observed
spectral features are caused by aggregation or reabsorption, the optical density of the sample
should be reduced while maintaining a constant dye concentration in the matrix, for example,

by lowering thin film thickness.
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3.3. Possible applications of organic dyes in photonics

Taking into account the typical structure of a planar WG employed in photonic integrated
circuits, consisting of a core with a relatively high RI, and a cladding with a lower RI (Fig. 2),
doping with luminescent organic dyes may be considered for both — the core
and the cladding. Depending on which part is doped, the application of the system may vary.

Typically, when the core material is doped with an organic luminescent dye, it may
allow for light generation within the WG structure [15]. However, the main purpose is light
amplification. For this application, special photonic structures such as microdiscs
or gratings, which serve as optical resonators, can be fabricated. Recently, a laser action has
been achieved in ring resonators based on a photoresist doped with luminescent organic dyes,
and located in etched substrates. After light excitation lasing in various emission wavelength
ranges could be achieved, depending on the dye used [22,102]. Similarly, ridge WG grooves
with an additional grating structure acting as a DFB resonator were nanoimprinted in the
low-RI cladding. After this process a high-RI core doped with a luminescent dye
was deposited. TE-polarized light emission at a wavelength of 594 nm was observed from
the ridge WGs when they were irradiated by pulsed laser light at 532 nm, with a stripe-
shaped beam [103]. Moreover, a wafer-scale fabrication process of passive ridge WG
combined with active dye-doped polymer WG with surface corrugations functioning
as Bragg reflectors was demonstrated. Using this approach laser action could also
be achieved [24].

Alternatively, dye-doped polymers with even relatively low RI (mainly PMMA) have
been used for light amplification. In such case, microdisc or microgoblet structures with
reduced contact between the low-RI polymer and the substrate were typically employed.
This was done by partial under-etching of such structures [21,53,54,57,104]. Laser action
generation can also be applied in detection. Simple on-chip refractometric sensing was
possible using dye-doped WGM resonators [21]. For such applications, dye-doped PMMA
layers with DFB resonators were also implemented [20]. In both mentioned approaches,
a change in the RI of the surrounding liquid medium induced a spectral shift of the cavity
mode.

Moreover, other studies describe the possible application of stimulus-sensitive
luminescent dopants for oxygen sensing. The WG structure was fabricated from a photo-
patternable sol-gel-derived layer based on a TiO2 precursor [105-107]. The research was
motivated by the quenching of the luminescence of Ru complexes upon exposure to oxygen

[108]. Similarly, using luminescent dopants exhibiting solvatochromism, embedded
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in a simple reverse rib WG made from elastomer, it was possible to detect changes
in the ethanol content in the surrounding environment by observing the photoluminescence
maximum shifts [28]. Additionally, some specific designs in the literature combine a planar
WG with digitally printed luminescent light coupling and readout elements made of a dye-
doped polymer, and a temperature-responsive cladding made of a thermotropic LC [37]. This
approach may be implemented for the fabrication of integrated sensors detecting specific
temperature.

Light amplification can also be achieved when the dye-doped layer is deposited
as a WG cladding. This is particularly interesting because the luminescent cladding based
on organic dye-doped polymers, sol-gel-derived materials, or LCs could potentially
be deposited onto inorganic passive WGs. Such an interesting approach has been recently
demonstrated for dye-doped polymer materials, which have been integrated with inorganic
photonic platforms based on SiN [31,32,109] and Si [16]. In these hybrid organic-inorganic
structures, light amplification was achievable. Thus, polymer, sol-gel-derived, and liquid
crystalline dye-doped materials can complement inorganic photonic platforms, such as SiN,
which lack active light-generating elements. This enables the creation of hybrid platforms
with active, light-emitting components.

Alternatively, when an organic dye is embedded into a cladding material, it may also
serve to detect external stimulus. For example, combining a Mach-Zehnder interferometer
with a polymer cladding doped with a photochromic dye enabled fabrication of a simple
sensor for detecting UV light [110]. On the other hand, non-luminescent bromocresol purple
was also utilized in a sensitive cladding layer to detect ammonia [111].

These examples demonstrate the versatility of organic dye-doped systems for both,
light amplification and sensing applications. However, to fully exploit the properties
of the luminescent dye, they must be embedded in an appropriate matrix. This along with
the type of selected dye, will determine the properties and application area of the final

material.

3.4. Sol-gel materials

Sol-gel synthesis is a ,,bottom-up” approach to synthesize various types of materials.
Compared to glass formation from melts, it is an excellent low-temperature method
for producing amorphous oxide glasses. This allows for doping with organic dyes, which

usually are not resistant to high temperatures (above 300 °C).
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The term ,,so0l-gel” originates from the processes occurring during this type of synthesis,
where three-dimensional solid network forms between colloidal particles dispersed
in a liquid (sol) through the creation of covalent bonds (gelation). Although sol-gel synthesis
can be applied to obtain various types of materials, this dissertation will focus on silica- and
titania-based materials. Such materials offer good optical properties for integrated optics,
such as transparency in the visible range, low transmission losses (typically below 1 dB/cm),
and stability. They form the basis of the integrated photonic platform under development

in this work.

3.4.1.Silica-based materials
Nowadays, the most commonly used precursors in the synthesis of silica-based materials
are silicon alkoxides, represented by the general formula of Si(OR)4. Nevertheless, by using
organo-substituted derivatives of silicon alkoxides Si(OR)3;R’, it is also possible to introduce
organic groups into the silica network. Such materials are often called ORMOSILs.

The formation of a silica network during the sol-gel synthesis can be described

by the following chemical reactions:

(N =Si—OR + H,0 — =Si—OH + ROH hydrolysis
(2) =Si—OH + =Si—OR — =Si—-0-Si=+ ROH condensation
3) =Si—OH + =Si—-OH — =Si-O-Si=+ H,0 condensation

The first step of oxide network synthesis via the sol-gel approach involves the generation
of Si-OH groups through the hydrolysis of alkoxide groups (Si—OR). The presence of these
species is essential for facilitating subsequent condensation reactions, which proceed
through the elimination of either alcohol or water.

Although sol-gel synthesis is frequently considered a straightforward method,
the reaction systems are very complex. During the synthesis, numerous parameters must
be considered, and a detailed understanding of their influence on the final material properties
is crucial. Key parameters to control during synthesis include the type of precursor, selection
of acidic or basic catalyst and its content, the ratio of water to alkoxy groups, solvent type,
presence of electrolytes, temperature, as well as the relative and absolute concentration of sol

components [112].

3.4.2.Metal oxide-based materials
The relatively low RI of pure silica-based materials (approximately 1.46 in the visible range)

restricts their use as waveguiding layers on typically used substrates made from BK7, soda-
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lime glasses, or silicon with an insulating silica buffer layer. To increase the RI of sol-gel-
derived materials, metal oxide precursors are often added during the sol preparation. Metal
alkoxides are considerably more reactive than silicon alkoxides due to the higher
electropositive nature of metals compared to silicon. Furthermore, silicon is always
4-coordinate, while, for example, titanium in the rutile phase is 6-coordinate. This difference
means that in SiO», each oxygen atoms bonds to two silicon atoms. In contrast, achieving
stoichiometry of MO» requires each oxygen atom to coordinate with three titanium atoms,
limiting the long-range arrangement of polyhedra in structures like TiO> rutile compared
to crystalline SiO>. As a result, sol-gel processing of metal oxides frequently results
in crystalline or semi-crystalline materials, whereas obtaining amorphous materials from
silica-based materials is relatively straightforward [112].

Similar to the sol-gel process for silica-based materials, hydroxyl groups (—~OH)
can be formed through the hydrolysis of alkoxy groups (—OR). However, metal alkoxides
are stronger Lewis acids than silicon alkoxides, facilitating the formation of more
coordinated species. This promotes a nucleophilic attack on the metal, significantly
increasing the hydrolysis rates. For example, the hydrolysis rate of Ti(OR )4 is approximately
10° times higher than that of Si(OR)s with the same alkoxide substituents. Generally,
the reactivity of various tetravalent isopropoxides in hydrolysis reactions increases

in the following order:
Si(OPr)s <<< Sn(O'Pr)s, Ti(O'Pr)s < Zr(O'Pr)s < Ce(O'Pr)a.

While the reactivity of the silicon alkoxides requires catalytic promotion, the high reactivity
of metal alkoxides towards water must be controlled to obtain homogeneous sols instead
of precipitates during synthesis [112].

Replacing one or more alkoxy ligands with groups that are less prone to hydrolysis
than the remaining OR groups, and also occupying coordination sites on the metal,
is a strategy aimed at reducing the high reactivity of metal alkoxides. Common ligands
for this purpose include carboxylate or pS-diketonate groups. However, other anionic
bidentate ligands (BLs) like p-ketoesterates, aminoalcoholates, oximates, phosphonates,
and sulfonates can also be employed [112,113]. Bi- or (tri-)dentate ligands, which can
be chelating or bridging, are introduced by reactions of metal alkoxides with acidic

compounds (BL—H). This reaction is illustrated by:

M(OR); + nBL-H — M(OR),..(BL), + nROH 3)
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The newly formed derivative of metal alkoxide precursor, formed in sifu in the sol,
and represented by M(OR)x.,(BL), formula, exhibits reduced reactivity in both hydrolysis
and condensation reactions. Moreover, fewer M—O-M links per metal atom are formed,

making it possible to produce gels instead of precipitates [112].

3.4.3. Post-synthesis treatment of the sol-gel-derived materials

It is important to mention that after sol preparation, the chemical reactions leading
to network formation are not yet complete. Further condensation reactions take place
in the gels containing water and solvent, a process known as aging, which is crucial for the
preparation both, monoliths and thin layers. For example, after a thin layer preparation,
gelation occurs concomitantly with or immediately after the deposition process. The sol-gel
method can be used to produce materials in different form such as thin films, powders,
or fibers and with various structure like xerogels, aerogels, dense ceramics, or glasses.
Additionally, they may undergo post-synthesis processing, which includes drying or heat
treatment, which further modify the structure and properties of the final material.
Schematically, representations of different ways for obtaining materials using the sol-gel

method are presented in Fig. 13.
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Figure 13 Scheme presenting the possible routes to obtain various sol-gel-derived materials.

Own elaboration based on [114,115].

Freshly deposited xerogel film is still largely uncondensed, and it may change its properties
over time. To prevent this, a thermal treatment is usually applied to the films to achieve full
densification. For consistent results, the time between thin film preparation and subsequent

drying/hardening must be carefully controlled. During the drying process, excess solvent

40



and residual water are removed. The number of remaining OH groups and porosity also
decrease. All these phenomena lead to the densification of the gel network. A consequence
of above mentioned processes is material shrinkage, which in the case of the film, is observed
as a decrease in its thickness. If the initial thickness of the coating is too high, the coating
can often crack during drying or heat treatment. Moreover, especially for films containing
an Rl-raising agent, for example, a titania precursor, the thermal treatment also leads
to an increase in RI. When aiming to produce purely inorganic materials, thermal treatment
can be performed at high temperature, such as 500 °C, to completely remove the organic
components of the sol-gel material [116]. However, if the goal is to obtain dye-doped
luminescent materials, heat treatment must be performed at significantly lower temperature
(usually below 300 °C) to prevent or minimize the thermal degradation of the dye, which
could otherwise diminish, or alter its luminescent properties [12]. A challenge lies
in developing luminescent materials doped with organic dyes, that exhibit relatively high

relatively high RI.

3.4.4.Inorganic-organic hybrid materials

One of the key advantages of the sol-gel process is the ability to create hybrid organic-
inorganic materials. This is achieved by utilizing ORMOSIL precursors and embedding
organic molecules into the gel matrix. When functional or non-functional organic groups are
covalently bonded to oxide networks, materials of class II are formed. Due to the hydrolytic
stability of the Si—C bonds, these organic groups remain intact in the final material. However,
each attached organic group reduces the cross-linking density of the resulting inorganic
network. Therefore, organotrialkoxysilanes are typically co-processed with
tetraalkoxysilanes or metal alkoxides to achieve highly cross-linked network characteristics

[112].

3.4.5.High-RI dye-doped layers based on silica/ORMOSIL and titania precursors
Thin films doped with luminescent dyes are particularly attractive for integrated optics,
because they can be used in the manufacture of light amplification components [9,10,117—
120]. However, for efficient light confinement in waveguiding structures, a high RI
of the layer is required, while simultaneously preserving the luminescent properties
of the embedded dye.

To date, there are only a few reports dealing with the fabrication and detailed analysis

of dye-doped films using silicon and titanium(IV) alkoxide precursors [9,117,118,121].
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It is important to note that while heat treatment is necessary to increase the RI of the sol-gel-
derived films, it can also impact the properties of the doped luminescent dye. However,
such analysis is often omitted in the aforementioned studies.

An intuitive alternative to layers based solely on silicon and titanium(IV) alkoxides
precursors are those based on ORMOSIL combined with titanium(IV) alkoxide precursors.
The presence of ORMOSIL within the sol-gel structure modifies the environment around
the dye [11-13,120,122—124], and can enhance its photostability compared to, for example,
materials based on titanium(IV) alkoxides alone [122]. Such hybrid materials can be good
candidates for photonic components as they have acceptable optical losses of less than
1 dB/cm. Moreover, the presence of an organic precursor allows thicker layers to be obtained
in a single deposition process without cracking.

One of the most widely studied sol-gel-derived materials for the preparation of dye-
doped layers are those based on the GLYMO precursors and titanium(IV) alkoxides.
In the past, such materials have been doped with various luminescent dyes, mainly from
the rhodamine [11,12,120,122], perylimide [122,124], or coumarin families [123].
What remains unclear is whether the organically modified sol-gel network can genuinely
enhance the stability of the organic dye under heat treatment conditions and how
it can influence the optical properties of the derived layers. None of the presented studies
directly examined the influence of the organically modified precursors on the optical,

including luminescent properties of the layers.

3.5. Polymer materials
In contrast to the sol-gel materials, polymer materials do not require heat treatment.
As aresult, dye-doped materials can be readily produced without the need for extensive
precautions related to the thermal post-fabrication processing and the potential degradation
of the dye embedded in the polymer. Depending on the chemical composition of the polymer,
its optical properties such as RI, can vary. Usually, the typical RI of the polymer materials
is around 1.5 for polymers such as PMMA [125]. The introduction of fluorine atoms into
the polymer chain can reduce the RI [126]. On the other hand, modification of the polymer
structure with aromatic groups or sulfur atoms, offers a possibility to increase the RI [127].
This class of materials also includes polyelectrolytes, which possess specific ionic
functional groups. They can dissociate in polar solvents, leading to in the formation

of charged groups and counterions [128]. The presence of various functional groups

42



in the polymer chain may lead to specific interactions with organic dyes, as illustrated

in Fig. 14, giving such characteristics unique systems.
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Figure 14 Examples of interactions of organic dyes with polymer chain containing various
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3.5.1. High RI-polymers doped with luminescent dyes

The preparation of light-guiding films from polymers has begun in the 1970s [129].
The most commonly used polymers used in photonics are PMMA, PS, PC, PU, and various
epoxy resins [3]. Depending on the structure of the polymer, its properties, such as RI and
thermal stability, can vary. Moreover, the properties of the dye embedded in the polymer
may differ depending on the type of polymer used.

Among dye-doped polymer materials, PMMA is undoubtedly the most extensively
studied matrix for various photonic applications. This matrix has been explored
in combination with dyes from different families, including perylenediimides [17,20,130],
rhodamines [20,58,130-134], BODIPYs [20,21,135,136], polymethines [18,130],
coumarins, and perylene [130]. However, PMMA has a relatively low RI. The literature also
describes the fabrication of films from other types of polymers. These include PBzZMA [23],
P4VP [137], PS [17,59,60,138-143], PC [18], PVK [19,142], and commercially available
photoresists such as SU-8 [15,22,24,58,144].

Recent studies highlight that factors like amplified spontaneous emission threshold
and internal gain in light amplification systems can differ significantly depending
on the specific polymer matrix employed [17,18]. However, the research on the mutual dye
and polymer compatibility remains limited. The most up-to-date ones are restricted

to the PMMA [20,130], PS [143], and SU-8 photoresist [15] films. Additionally, very few
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reports focus on determining the QYs of dyes in polymer films [130,145,146], which
is a fundamental parameter characterizing the efficiency of the dye emission embedded
in a selected system. Thus, the exploration of interactions between various polymer types
and different dyes remains still a broad and undiscovered research area and is crucial
for the fabrication of efficiently emitting systems. This also includes high-RI films with
the potential for application as planar WGs and for fabrication of light amplification

components.

3.5.2. Polyelectrolytes

Another interesting class of macromolecules are polyelectrolytes. These are polymers whose
repeating units possess electrolyte groups, and can therefore exhibit both polymer-like and
electrolyte-like properties. Polyelectrolytes can be categorized into various classes.
According to reference [128], polyelectrolytes can be classified taking into account several
criteria: their origin (natural or synthetic), their composition (homopolymers and
copolymers), the location of the ionizable sites (on the backbone or side chain), the charge
and its pH dependence. The most common functional groups of anionic polyelectrolytes
are carboxylate (~COO"), phosphonate (—POs;H", —POs%), and sulfonate groups (-SO3’)
groups. In contrast, cationic polyelectrolytes typically feature primary, secondary, and
quaternary amino groups (-NH», =NH, and =N"=). Polyelectrolytes have attracted much
attention for their role as rheology modifiers, adsorbents, and colloidal stabilizers. However,
for this dissertation, their interactions with organic luminescent dyes and their potential

applications in photonic devices or sensing materials are of greater interest.

3.5.3.Dye-polyelectrolyte interactions

Polyelectrolytes are promising candidates for use as matrices for organic dyes due to their
ability to interact specifically with the dye molecules, enabling high levels of dye doping.
Previous studies have explored these interactions, though primarily with non-luminescent
organic dyes. One such investigation compared the spectroscopic properties of an azo-dye,
DR1, in various matrices, including PS, P4VPh, and polyelectrolyte — PSSA [147]. The study
revealed that DR1 dye undergoes protonation in the PSSA matrix, leading to subtle changes
in the shape and position of the absorption band compared to those observed in PS and
P4VPh matrices, as well as in the dye solution. Moreover, as the dye-to-polymer mass ratio
increased in PS and P4VPh matrices, a spectral component associated with the aggregated

form of the dye became evident. In the PS matrix, the absence of interaction between the dye
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and the polymer restricted the maximum dye loading without aggregation to below 20 wt%.
In contrast, the more polar P4VPh polymer enabled a dye loading of up to around 40 wt%
without aggregation. The PSSA matrix exhibited the highest dye loading capacity, around
60 wt% due to the formation of an ionic complex between the dye and the polyelectrolyte.
These findings highlight that leveraging polyelectrolyte-dye interactions provides
an effective strategy for achieving high dye loading in polyelectrolyte matrices while
minimizing aggregation.

The ionic nature of polyelectrolyte matrices can result in the protonation of doped
dyes. However, the behavior of various dyes in similar matrices may be even more complex,
as it involves not only the protonated forms of the dye such as monocation and dication,
but also their aggregated forms. For instance, the behavior of Methylene Blue (MB) dye was
described in films made from a polyelectrolyte composed of tetrafluoroethylene backbone
with perfluorovinyl ether groups terminated with sulfonate groups (Nafion®). In this matrix,
the ionic part of the polyelectrolyte is arranged in clusters within the fluorocarbon phase.
These ionic clusters can be occupied by the absorbed water and dye molecules, as presented
in Fig. 15. Two main factors govern the distribution of the protonated and aggregated forms
of the dye: the hydration level of the films and the amount of MB relative to the number

of sulfonic acid groups in the matrix.
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Figure 15 Schematic presentation of the effect of hydration on the interaction between

MB molecules and sulfonic acid groups in the ionic cluster of Nafion® containing different

MB concentrations. Own elaboration based on [148].
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In fully hydrated films, a larger proportion of monomers and dimers of the monoprotonated
dye form (MB*) is observed although MBH?" species still remain present. On the other hand,
dye concentration also significantly affects its distribution in the matrix. At low MB
concentrations, MBH?* and MBH2*>" are the dominant species under low hydration
conditions, while both MB* and MBH?" coexist as the main species high hydration states.
At high MB concentrations, MB*, (MB*),, and MBH?* are present under low hydration
conditions, whereas dimeric monocation form (MB*), becomes predominant as hydration
increases.

Therefore, the general conclusion is that in the dry state, strong interaction between
MB molecules and sulfonic acid groups favor the formation of dye cations with multiple
positive charges. However, as hydration increases, the sulfonic acid groups become more
hydrated, weakening these interactions and altering the distribution of MB species.
Additionally, the presence of dimeric protonated species is observed, especially with
increasing MB concentration.

In contrast, the interaction between the molecules of the dyes, including luminescent
ones, and polyelectrolytes has been studied in solutions. It was proven that a polyelectrolyte
in a dye solution can significantly influence dyes' light absorption and also luminescence
properties [149—153]. For example, the addition of polyelectrolyte — PSSNa to aqueous
solution of Rh6G, AO, CyS5, or PIC resulted in changes in both the emission intensity
and/or shape of the absorption band. The most pronounced spectral changes were observed

for Cy5 and PIC dyes, with their spectra presented in Figs 16a and 16b, respectively.
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Figure 16 a) Absorption spectra of Cy5 solution in water without PSSNa (solid line)
and with Cy5/PSSNa = 0.1 (dotted line) and Cy5/PSSNa = 1 (dashed line). b) Absorption
spectra of PIC monomer solution (solid) and a 2: 3 dye-to-polyelectrolyte complex with
PSSNa (dotted). Fluorescence spectra (dashed) of the complex (Aexe = 520 nm).
Own elaboration based on [151].
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The slight change in the shape of the absorption spectrum observed upon adding PSSNa
to the aqueous solution of Cy5 (Fig. 16a, dotted line) was attributed to the adsorption
of the dyes on the well-separated binding sites of the polyelectrolyte. However, at a higher
dye-to-polyelectrolyte ratio, the formation of H-aggregates (for Cy5) was concluded based
on the broad and short-wavelength component in the absorption spectrum (Fig. 16a, dashed
line). On the contrary, J-aggregates were found for PIC after the addition of PSSNa to the dye
solution. This conclusion was based on the redshift in the absorption band and the presence

of a characteristic emission band with a small Stokes shift (Fig. 16b).

3.5.4.Influence of humidity on the systems based on polyelectrolytes
Interestingly, the interaction between organic dyes and the polyelectrolyte matrix
can be affected by the RH of the surrounding environment. This effect is facilitated
by the high hygroscopicity of the polyelectrolyte matrix, making it a promising approach
for application for the development of colorimetric humidity-sensitive materials. In such
systems, the matrix absorbs water from the environment, while the dye determinates
the color. Such systems usually exploit changes in the dye's structure (e.g. protonation)
or its degree of aggregation, within a Nafion® matrix in response to variations in RH.
This mechanism allows ambient RH changes to be detected through color variations
in the system.

Dyes used for this purpose include triphenylmethanes (e.g. Malachite Green
and Crystal Violet) [154-157], Methylene Blue [148,156], a porphyrin derivative [158],
and cyanines [154,155]. At different RH levels, distinct absorption spectra were recorded.
Typically, two or more absorption bands with varying relative intensity were observed,

as illustrated in Fig. 17.
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Figure 17 a) Absorption spectra of Methylene Blue-doped Nafion films measured
at different RH. b) RH-dependent reflection spectra of the Crystal Violet-doped Nafion films

(measured at increasing RH from a — 0 % to f— 71 %). Own elaboration based on [155].
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Typically, humidity detection in these systems is achieved by measuring the change in light
intensity at a specific wavelength transmitted through or reflected by the material.
Importantly, such types of systems are not exclusively limited to polyelectrolyte matrices.
Other polymers, such as PVA or HPMC [159,160], as well as porous materials like zeolites
or silica [161-163] have also been successfully combined with various organic dyes to give
rise to humidity-sensitive light absorption properties.

It is noteworthy that dye-doped systems are not only materials capable of serving
as humidity indicators. Materials that alter their light reflection properties in response
to-variations in RH, thus rendering the color changes, are also often implemented
for this purpose. A notable example of such a sensor is a multilayer system fabricated using
the LBL assembly technique. This system is composed of alternating layers of PDDA
and PSSNa, as presented in Fig. 18 [164].
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Figure 18 a) Structural formulas of PDDA and PSSNa. b) Scheme presenting

the interference of the same-wavelength light ray across the PDDA/PSSNa coating.
¢) Reflectance spectra and d) photographs of the PDDA/PSSNa system composed of eight
bilayers at different RHs, gradually varying from 0% to 100%. Own elaboration based
on [164].

This type of sensor uses the swelling/shrinking of the coating at varying RH levels
to modulate the interference of visible light reflected from the coating (Figs 18a-c).
Consequently, a change of the coating’s color is observed upon different RH conditions
(Fig. 18d). Another example of a sensor using light reflection phenomenon is based
on PSSA-h-PMB block copolymers with various sulfonation levels (SL), as presented
in Fig. 19 [165].
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There, the PSSA-b-PMB films exhibit a hexagonal cylindrical morphology possessing
hydrophobic PMB cylinders dispersed within a hydrophilic PSSA matrix (Figs 19a-b).
At varying humidity levels, the PSSA phases absorb water, and as a result, the film's
thickness and RI alter. The outcome is a change in the film's reflection properties, producing
noticeable color shifts (Figs 19¢ and 19d). However, the aforementioned examples
of colorimetric humidity sensors often require the deposition of multiple layers [164] or must

be applied on highly reflective substrates such as Si [165], which can complicate

the fabrication process.

S S

(O] = (0]

g 40 RH: 20% > 90% 8 40

s I S

[33 [&]

= ' o

D 20} ! D 20

o I @ 1

I I :
i L SC=35% ‘ ; | SL=76%
400 500 600 700 0 400 500 600 700

Wavelength (nm) Wavelength (nm)

Figure 19 a) Structural formula of studied PSSA-b-PMB block copolymers. b) Humidity-
induced changes in the structure of the PSSA-b-PMB copolymer films. ¢, d) UV—Vis
reflectance spectra of the copolymer films with different SL under RH = 20% and RH = 90%
conditions: ¢) SL =35 %, d) SL =76 %. Own elaboration based on [165].

Interestingly, there are significantly fewer reports on systems that can alter their luminescent
properties in response to changes in the surrounding RH. Most reports focus on modifying
emission properties by modulating the system's geometrical parameters.

One notable example involves moisture-swellable and dye-modified PAA copolymer
microspheres acting as WGM resonators. These microspheres exhibited a shift in the WGM
resonance peak due to a microsphere diameter change with varying RH levels [166].
Similarly, PS nanospheres doped with Firefli Fluorescent Red dye were incorporated into

various Bragg mirror structures. These structures consisted of humidity-swellable antimony

49



phosphate nanosheets and alternating layers of TiO2 and SiO2 nanoparticles. When exposed
to varying RH levels, these systems exhibited turn-off or turn-on fluorescent responses due
to modulation of the emission band’s shape. This effect arose from changes in the light
reflection spectra resulting from the swelling of the systems [167].

Another approach involved directly altering the luminescent properties of the emitter
in the dye-doped system in response to changes in RH. For instance, PAA, PSSNa, and PVP
were doped with AIE dye. Due to RH variations, swelling of the materials occurred, enabling
intramolecular motions of the AIE dopant. As a result, a redshift of the emission band was
observed with an RH increase [168]. Moreover, films composed of PVA-doped with 4,4'-
biphenyldicarboxylic acid exhibited RTP but only when the films were dry. These films were
further additionally modified with organic luminescent dyes to tune the afterglow color
[169]. Interestingly, RTP was also found for pristine PSSA polyelectrolytes in both, films
and powder forms. In these systems, the RTP lifetime and QY strongly depended on the SL
and the molecular weight of the polymer [170].

3.6. Thin films fabrication and structurization

Reliable and cost-effective thin film deposition techniques are essential for planar photonics.
Thin film fabrication and its subsequent structurization play a critical role in the development
of various photonic components.

Liquid deposition processes, including spin-coating, dip-coating, spray coating, inkjet
coating, and roll-to-roll coating, provide versatility by enabling the fabrication of uniform
coatings with controlled thickness ranging from a few nanometers to several micrometers.
Compared to dry deposition techniques such as PVD, CVD, and PECVD they offer excellent
control over layer thickness and composition, while also being more time- and cost-efficient.
These techniques can be applied to deposit films made from a variety of sol-gel materials
[116,124,171-174] and other purely organic materials like polymers [175,176]. The process
of depositing films from liquid solutions generally involves several steps, such as preparing
a chemical solution, applying the solution on a surface of a selected substrate, evaporating
the solvent, potential layer post-processing, and finally treating the film for stabilization.

Layer post-processing may involve structurization the film using various lithographic
techniques. This step is generally optional and depends on the intended application of thin
film. However, when considering implementing layers in the fabrication of photonics
components, such as grating couplers, microdisc resonators, and strip WGs, it becomes

essential to develop structurization methods compatible with the coating material.
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3.6.1.Dip-coating

In this thesis, the dip-coating method was selected for the deposition of the sol-gel, polymer,
and polyelectrolyte layers onto various substrate types. This method involves immersing
the substrate in a solution of the given material, followed by controlled withdrawal
at a specific speed. The thickness of the deposited film using this method can be easily
adjusted by modifying the solution concentration or the withdrawal speed. However, the film
formation process can be influenced by various factors depending on the withdrawal speed

regime, as presented in Fig. 20 [171].
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Figure 20 a) General scheme of thin film deposition process via dip-coating. Deposition
process and movement of fluid in two withdrawal speed regimes: b) capillarity
and ¢) draining, occurring in the low and high ranges of the withdrawal speed, respectively.

Own elaboration based on [171].

At low withdrawal speed (capillarity regime), the motion of the drying line is much slower
than the solvent evaporation. This allows the solution to be drawn to the upper part
of the meniscus by capillary forces. The result of this behavior is that the thickness of the

films is increasing as the withdrawal speed decreases, as it is given by the equation below:
ho = k;— 4
o =kiT— 4)

where A9 — physical thickness of the deposited film, k; — material proportion constant
characteristic for a given solution and connected with the molar weight and density
of thermally stabilized material, ¢ — evaporation rate of the solution, L — width

of the resulting film, v — withdrawal speed of the substrate.
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The value of ¢/L (the rate of the solution consumption) can be experimentally determined
to predict the effect of the withdrawal speed on the film thickness within the capillarity
regime. In this regime, the film thickness increases as the withdrawal speed decreases.

In contrast, at high withdrawal speed (draining regime), a viscous drag caused
by the gravity and the fluid's adhesion to the substrate become significant. These effects
can beused to describe the thickness of a Newtonian, non-evaporating fluid
on the substrate's surface. The thickness of the deposited fluid film can be expressed

as follows:

2

0.94n,3
s=1 4V

= 1
Y5, (ps9)?

2
3

(3)

where /s — thickness of non-evaporating Newtonian fluid (solution), 1s, yzr, ps — viscosity,

surface tension, and density of the fluid, respectively, g — standard gravity.

When the evaporation is additionally considered by introducing an additional material
proportion constant k; and global constant D gathering physicochemical constants

of a solution, the thickness can be expressed as:
2
hy = k;Dv3. (6)

In the draining regime, the dependence of D on v remains constant. However, small
deviations in the value of D can be observed at the highest withdrawal speeds, resulting
in a thinner film than anticipated. This occurs because the thickness of the deposited solution
is very high, and the layer's adhesion to the surface cannot counterbalance the significant
gravity-induced viscous drag of the formed film.

To predict the thickness of the film in the draining regime as a function
of the withdrawal speed, D can be experimentally determined (in a range where D is rather
constant). The situation is slightly changed at intermediate withdrawal speeds, where both
film formation regimes overlap and their contributions must be considered. This is done

by summing Eq. 4 and Eq. 6 into one equation given below:
€ 2
hy = k; (E+Dv3) (7)

An example illustrating the influence of the withdrawal speed on the thickness

of the obtained sol-gel film is shown in Fig. 21 [171].
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Figure 21 Dependence of the thickness of the sol-gel film on the withdrawal speed.
The points present experimental data values for layers fabricated from a selected sol-gel
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Own elaboration based on [171].

It is evident that the experimental data aligns well with the proposed model across various
withdrawal speed ranges:

e low — the capillarity model (Eq. 4),

e high — the drainage model (Eq. 6),

¢ intermediate — the combined model (Eq. 7).
Furthermore, at very high withdrawal speeds, the fit of the experimental data becomes less
precise due to the previously mentioned imbalance between the adhesion and gravity forces.

Dip-coating offers the advantage of creating uniform layers with excellent optical

quality and provides precise control over the processing conditions. To achieve thicker films,
increasing the withdrawal speed in the drainage regime may be applied. Conversely, if the
compound's solubility is low, less concentrated solutions can be used, and a lower
withdrawal speed can be employed in the capillary regime. Similarly, increasing the solution
temperature allows for the deposition of thicker films in the capillarity regime, especially
when using poorly volatile solvents like water. Compared to other liquid coating techniques,
dip-coating minimizes the solution wastage and is a highly cost-effective method. However,
a notable characteristic of this method is that it coats both sides of the substrate, which

can be a drawback for some applications (when coating only one side is desired).
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3.6.2.Layer structurization

Various patterning techniques can be implemented for layers structurization. Each time, they
should be properly selected, considering the type of microcomponent being the aim
of the fabrication and the type of the material.

In the case of the sol-gel-derived layers, patterning usually involves various
lithographic techniques, often with subsequent etching of the sol-gel layer. Another approach
takes advantage of the incomplete condensation of the gel network after the layer
is deposited. The freshly obtained sol-gel film is in an intermediate state and often can
be removed using the appropriate solvent. While condensation is usually performed using
thermal treatment, it can also be localized to specific areas using UV irradiation. After this
selective process, non-exposed regions can be removed (developed) using solvent.
Schematically, such a process is presented in Fig. 22.
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Figure 22 Scheme of the direct structurization of the layer.

This type of structurization may be done using UV light in photolithography process [177—
180], as presented in Fig. 22. Alternatively, X-ray irradiation [181-187] or electron beam
exposure [181,188] can be implemented. While these techniques offer a convenient means
to obtain various sol-gel-derived microstructures, they often require specific sol
compositions that allow for precise control over the degree of gel condensation after layer
deposition. The introduction of additional polymerizable organic functional groups such
as those found in ORMOSIL, or chemical additives such as chelating agents, often can
facilitate selective reduction of its solubility. This can be achieved through polymerization
of the sol-gel layer using UV light [179,180,180,189] or by dissociation of the complex
formed between the alkoxide precursors and chelating agent from the g-diketones family
[190-192].

When a more condensed sol-gel layer is implemented for the fabrication

of microcomponents, its direct patterning is not straightforward. In such cases, external
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stimulus like UV irradiation sometimes can no longer effectively influence the degree
of the condensation of the sol-gel network. However, the structurization may be achieved
by selective masking the sol-gel-derived layer (using a photoresist or metal masks) with

subsequent etching of the non-masked areas of the film, as presented in Fig. 23.
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Figure 23 Scheme of the microstructure fabrication process with implementation

of an additional photoresist mask (with the implementation of negative photoresist).

The etching may be performed using dry etching techniques such as ICP-RIE or ECR [193—
196]. These selective etching technique are widely utilized in the fabrication of electronic
or photonic components from various materials such as metals, semiconductors, polymers,
dielectrics, oxide and nitride materials. The ICP-RIE leverages plasma interactions and ion
collisions with the etched material, enabling precise patterning. The process begins with
electrically neutral atoms colliding with electrons accelerated in an electric field, creating
areactive plasma through intense discharge in the etching gas. This plasma consists
of chemically active radicals, ionized atoms, excited atoms, undissociated molecules,
and free electrons. By adjusting parameters of the etching process such as plasma
composition, it is possible to achieve etching with high anisotropy, selectivity, and rate
[197,198]. The interaction between the plasma and the etched surface involves both physical
and chemical processes. The physical interaction results from the bombardment
of the surface with the highly accelerated energetic ions and subsequent ejection of particles
from the sample. Conversely, chemical reactions take place, such as a formation
or dissociation of chemical species on the surface, when the ions from plasma interact with
the processed material [199].

On the other hand, chemical etching can be used for the selective removal of non-
masked material. This process may utilize XeF. in the gaseous phase [52,54-57], which

iscommonly used for etching of silicon, or liquid etchants [14,50,196,200,201].
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For the selective removal of oxide materials, including silica- and titania-based materials,
solutions containing hydrofluoric acid or ammonium fluoride are typically used [50,200].
Thus the oxide material is removed through a chemical reaction presented below in Eq. 8,

as example for silica:

SiO2 + 6 HF — H3SiFs + 2 H20 (8)

However, when etching hybrid organic-inorganic materials or those based on mixed oxides,
such as silica-titania, the chemical reaction between the etchant and removed material can
be more complex.

The difference between ICP-RIE and pure chemical etching (using XeF, or HF) lies
in degree of anisotropy of the etching process (A), which is defined in Eq. 9 as:

A=1 dl—1 R, 9
- dv_ Rv ()

where, d,, is the thickness of the etched film (vertical distance), d, is the lateral distance
etched underneath the resist mask, and R;, R, are the lateral and vertical etch rates,
respectively. Schematically, the difference between etching with various degree
of anisotropy is presented in Fig. 24.
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Figure 24 Differences between anisotropic and isotropic etching. Own elaboration based

on [199].

Chemical etching allows for isotropic etching of the layer, which sometimes is crucial from
the technological perspective, particularly when fabricating under-etched disc-shaped
structures intended for light amplification. In contrast, when the highly anisotropic etching

is desired, such as for strip WG structures, ICP-RIE is a more suitable choice.
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Other methods, which may be also applied for the structurization of the sol-gel-derived
layers are micromolding in capillaries [10] and NIL [13,63,116,180,202—208]. The concept
of NIL is presented schematically in Fig. 25.
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Figure 25 Scheme of the microstructure fabrication using the NIL process with specially

designed imprint stamp.

As presented in Fig. 25, this method requires implementing a specially designed stamps,
which can be made from hard materials (hard stamps) [63,116,180,207]. Alternatively, soft
elastomeric stamps (soft stamps) based on organosilane compounds, like PDMS,
can be implemented [10,13,205,208].

Polymer layers can be patterned using the same approaches as described earlier for sol-
gel derived layers [21,22,53,54,57,104]. The most common approach is the direct
structurization of the polymer layer using, e.g. PL or EBL. For this purpose, commercially
available photoresists or electron beam resists are applied. In photolithography, the resist
may be based on cresol novolac resins and light-sensitive components that reduce their
solubility in developer solutions [209]. After irradiation, the photosensitive component
undergoes a photochemical reaction that promotes the dissolution of the resin
in the developer (positive photoresist). Alternatively, the resist may be based on epoxy-
functionalized compounds like SU-8 [210], novolacs and bisazides or novolacs, acid
generators and amine components [209]. For such materials, irradiation causes the cross-
linking of the polymer network, reducing its solubility in the developer (negative
photoresist). Alternatively, many commercially available electron beam resists are available
on the market. They are based on e.g. polymethacrylates with different molecular masses,
copolymers containing methyl methacrylate and methacrylic acid, styrene acrylates
or novolac resins [211]. Both, photoresist [15] and electron beam resists [53] can be doped
with organic luminesce dyes to obtain light-emitting photonic components.

Similarly the NIL technique can be applied to polymer materials [212,213]. Variations

of this process for polymers include TNIL, UVNIL, or micromolding in capillaries.
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In the TNIL process, a mold is mechanically pressed against the polymer film, during
heating to allow the polymer to flow and form demanded structures. Various parameters,
such as the softening temperature, melting temperature, glass transition temperature,
and the viscosity of the polymer at elevated temperature play are critical in the replication
process [213]. Various thermoplastic polymers can be applied for structuring. However,
when working with dye-doped polymer film, the matrix should be carefully chosen to ensure
the pattern is transferred without causing thermal degradation of the dye.

Alternatively, UVNIL can be applied, but it is suitable only for UV-curable polymer
materials, such as poly(urethane acrylate) and poly(ethylene glycol) dimethacrylate. In this
process, the mold is pressed against the substrate and the uncured resist. The assembly is then
exposed to UV light, which leads to the curing of the resist and turns it into a solid film

[212].

3.7. Liquid crystals (LCs)

The last group of matrices for organic luminescent dyes examined in this dissertation
are LCs. The term "liquid crystals" is derived from their unique properties, which combine
characteristics of both liquid and crystalline materials (Table 1).

Crystalline solids are characterized by their three-dimensional long-range ordering
of molecules. This is associated with the absence of translational movements and rotations
of the molecules around their short and long molecular axes. In liquid crystalline materials,
an additional state of matter can be formed during the phase transition from the crystal phase.
This phase is characterized by a release of translational and rotational movements

of the molecules and is often called a liquid crystalline phase or mesophase.

Table 1 Summary of liquid and crystal-like properties of liquid crystalline phases.

Liquid-like properties Crystal-like properties

anisotropy of optical, electrical, and

fluidity and inability to support shear i .
magnetic properties

periodic arrangement of molecules in one or

formation and coalescence of droplets o
more directions

3.7.1.Classification of liquid crystalline materials
LCs can be classified into several categories depending on various parameters, such
as the shape of the molecules, the factor that induces the phase transition, and the type

of molecular arrangement in the liquid crystalline phase.
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Based on the factor that induces the appearance of the mesophase, we may distinguish
several types of LCs:

e thermotropic — change of the temperature,

e barotropic — change of the pressure,

e lyotropic — change of a concentration of liquid crystalline material in solution.

Among these, the most widespread are thermotropic LCs, in which a liquid crystalline phase

is formed as the temperature increases, as illustrated in Fig. 26.

Crystalline phase  Liquid crystalline phase Isotropic phase

—

Temperature increase

Figure 26 Scheme of the phase transition between crystalline, liquid crystalline and isotropic

phases upon change in the temperature. Own elaboration based on [214].

As indicated above (Fig. 26) thermotropic LCs may be characterized by a single transition
from the crystalline (Cr) to the liquid crystalline phase with the subsequent formation
of the isotropic phase (Iso). However, in some cases, multiple liquid crystalline phases
can sometimes occur with temperature, one after the other — usually from the more ordered
liquid crystalline phases to the less ordered ones.

Various shapes of molecules can form LC phases. A significant portion of known LCs
are rod-like (as presented in Fig. 26), where one molecular axis is significantly longer than
the others, referred to as calamitic LCs. Other molecular shapes include flat, disc-like
molecules that form discotic phases or board-like molecules that form sanidic mesophases.
Other types of mesogenic molecules include banana-shaped molecules [215] or those

combining an elongated core with flat, branched ends [216].
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Among these, thermotropic calamitics are the most widely studied and are a focus of this
thesis. The general structure of a calamitic molecule is presented in Fig. 27, along with an
example chemical formula of an LC compound and the arrangement of molecules in the LC
phase.

a) Rigid core

A
' ™

NN :
A, s A, =

R, ; P R,
b)

H3C
CEN

Figure 27 a) Arrangement of molecules in the liquid crystalline phase and general structure

~

of a typical calamitic LC molecule, b) structural formula of an exemplary liquid crystal

molecule — SCB. Own elaboration based on [217].

As can be seen in Fig. 27, a typical calamitic LC molecule consist of a rigid core, usually
composed of cyclic or aromatic rings (A1, Az) linked by a linking group (L). Common linking
groups include -CH=CH-, ((CH=CH),—, -CH=N-, -N=N- or -CH=N-N=CH-. These
groups play a crucial role in restricting the mutual rotation of the two linked parts of the
molecule in the rigid core (A1 and Az). Specifically to the aromatic rings, lateral (side)
substituents such as —F, —Cl, —Br, -CN, —NO,, —-NH: or —CH3 can be introduced in the ortho-
or meta- positions. The type, position, and number of lateral substituents, can significantly
affect the material's properties, including the temperature range and type of mesophase
formed [218,219]. Additionally, the presence of lateral substituents can also enhance the
ability of the molecules to form hydrogen bonds between them [220], as well as other
properties such as anisotropy of the dielectric constant.

In addition to the rigid core, calamitic LC molecules can include terminal groups
(R1, Ry) at both ends. Unlike the molecular core, these terminal groups do not require a rigid
structure thus alkyl, alkoxy, cyano, isothiocyanate, halogen, or hydroxyl groups are often
placed in these positions. The type and length of these terminal groups can influence
the molecules' ability to form a liquid crystalline phase [221]. Furthermore, the degree
of branching in the terminal substituents can affect the temperature range of the liquid
crystalline phase [222]. Alternatively, terminal carboxylic groups can be introduced enabling
the formation of the molecule’s dimers via hydrogen bonds [223]. Very often, such dimers

can be formed not only between the molecules of one compound but also between molecules
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having a carboxylic acid group and a pyridine unit [224]. By engineering such intermolecular
interaction in liquid crystalline mixtures, it is possible to modify phase transition behavior
and even give rise to unique luminescent properties [225].

In practical application, mixtures of LC compounds are often used instead of single-
component LC. By carefully manipulating the LC mixture composition and chemical
formulas of its components, one can tune the properties of the liquid crystalline material.
These properties include the type of liquid crystalline phase formed and its corresponding
temperature range.

Another key parameter for classifying LCs into subgroups is the arrangement
of the molecules in the liquid crystalline phases. Based on this arrangement, LCs
are subdivided into groups such as nematics (N), cholesterics (Ch), smectics (Sm),
and columnar mesophases. The first three types (N, Ch, and Sm) are characteristic of rod-

like molecules, with examples illustrated in Fig. 28.

it 1 it fi
2P
\ Jie)'e Smectic A (SmA)
Smectic B (SmB)
Nematic (N) Cholesteric (Ch)  Smectic (Sm) Smectic C (SmC)

Figure 28 Molecular arrangements in various type of mesophases characteristic for rod-like

molecules. Own elaboration based on [226].

As illustrated in Fig. 28, the molecules in the mesophase are arranged in a preferable
direction depending on type of the phase. The average direction of orientation
of the molecules is indicated by the vector called director (7). In the nematic phase,
the molecules are ordered along the 7. However, the centers of their mass are distributed
randomly. In the cholesteric phase (Ch) a layered arrangement of molecules can be observed.
Within each layer, the centers of mass of the molecules are arranged chaotically, while
the long axes of the molecules retain a degree of parallel alignment to each other.

In subsequent layers, the direction of molecular arrangement changes by a certain angle.
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The vector determining the average direction of orientation of the molecules in subsequent
layers rotates around an axis perpendicular to these layers, creating a spiral structure.

The distance after which the molecules are rotated by 180° relative to the initial direction
is equal to half of the helix (% p) and is marked in Fig. 28. Higher degree of order can

be observed in smectic phases, which are also characterized by a layered structure.

Depending on the type of ordering within the layer, various Sm phases are distinguished.

Examples of these phases, such as SmA SmA, SmB, and SmC, are illustrated in Fig. 28.
The diverse molecular ordering in mesogenic hosts makes them an ideal medium

for manipulating the fluorescence characteristics of organic dyes [227].

3.7.2.Fluorescent dye-doped LCs

Dye-doped LC materials may be utilized in various areas, including information encryption
and anti-counterfeiting [228], devices with circularly polarized luminescence [229], tunable
lasers [230,231], and thermofluorochromic materials [232—244]. The latter will be described
in greater detail below.

Similarly to thin dye-doped films used for light amplification, a relatively high dye
content, and a high photoluminescence QY are required to achieve a sufficient level
of absorption of pumping light giving efficient light emission. Considering the characteristic
anisotropic shape of the LCs molecules, dyes with a similar shape are expected to be highly
soluble in such matrices. However, other factors such as the polarity of the molecules or their
size, and the presence of functional groups can affect mutual compatibility.

There is some exception, noted in the literature, which exploit a dye crystallization
within the mesogenic host. In such case, the inhomogeneities of the dye-doped system
introduced by the dye crystallization could be utilized as light scattering centers enabling
the generation of random lasing [245].

However, the vast majority of light amplification examples in LC involve dyes
dissolved in the matrix. Various dye-doped LC, such as those exhibiting cholesteric, blue,
and oblique heliconical phases are employed for this purpose [36]. These phases
are characterized by the presence of a photonic band-gap, which position can be tuned using
external stimulus such as an electric field [246,247], temperature [248], or mechanical strain
[40]. As a result, they hold significant promise for photonic applications, such as tunable
laser light sources.

As example of the working principle and application of dye-doped LC exhibiting

a heliconical phase as electrically tunable laser is presented in Fig. 29.
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Figure 29 a) Scheme of the electrically tunable heliconical structure under applied electric
field £; and E>>E;. b) Selective reflection of light of DCM-doped LC mixture containing
cell at various applied voltages. ¢) Electrically tunable laser emission and reflection bands

of the DCM-doped LC sample cell.

As shown in Fig. 29a, when the electric field is applied, the molecular orientation structure
in the heliconical phase can be slightly modified, resulting in a shift of the selective
reflection band of light (Fig. 29b). When this dye-doped LC material is optically excited
with a laser light at the appropriate pump energy, laser emission can be generated.
Additionally, changing the amplitude of the applied electric field shifts the selective
reflection band, simultaneously altering the obtained laser emission line (Fig. 29c¢).

In the case of thermofluorochromic materials, what is even more critical than a high
photoluminescent QY, is an additional significant change in fluorescence properties with
temperature. This change can involve alterations in light emission efficiency and/or color.
The thermofluorochromic liquid crystalline materials described in the literature so far
are based on pyrrolopyrroles [232], benzothiadiazoles [233,234], chiral cyanostilbene [235],
dendritic disc-like LCs [236-240], derivatives of oligothiophene [241], oligo(p-
phenylenevinylenes) terminated with both, hydrophobic and hydrophilic chains [242]. These
above-mentioned examples of thermofluorochromic systems are all based on fluorescent
LC.

In another approach, LC matrices can be doped with luminescent dyes to enable FRET
between two fluorescent dyes, allowing for the tuning of emission color across desired
ranges. Presented examples utilizing such an approach were operating within temperature
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ranges from RT to around 150 °C [243] or to 80 °C [244]. The first example is based
on an LC matrix composed of equimolar amounts of 4OBA and 5CB, with two fluorescent
dopants: blue-emitting BBOT and orange-red-emitting DCM. The system, along with

the results of the light emission properties in relation to temperature, is presented in Fig. 30.
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Figure 30 a) Schematic illustration of tunable color emission mechanism of dual-dye-doped
LC mixture in different phases and photographs of the samples under UV light.
b, ¢) Photoluminescence spectra of the dual-dye-doped LC mixture upon heating and cooling

between 30 °C and 150 °C, respectively [243].

As the system was heated and underwent phase transitions in the following order: Cr-Sm-N-
Iso, a visible change in the emission color was observed (Fig. 30a). Changes in the emission
spectrum were also monitored using fluorescence measurements during both, heating and
cooling cycles (Figs 30b and 30c, respectively). A temperature-dependent change in the
relative intensity of the emission bands originating from the BBOT and DCM dyes was
noted. This behavior was attributed to a change in the efficiency of FRET between the BBOT
and DCM dyes. When the binary LC mixture was in the crystalline phase, the elongated LC
molecules were embedded into a stiff three-dimensional structure. In this state, the BBOT
and DCM molecules vibrated weakly due to thermal effects and aligned parallel to each

other. This arrangement facilitated the efficient transfer of absorbed UV energy from BBOT
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to neighboring DCM molecules through intermolecular FRET. However, as the system
transformed from the Cr to the Sm phase, a layered LC phase was formed, causing molecules
to vibrate more intensely and drift within each layer. Consequently, the relative alignment
of the two dye dopants deviated from the rigid parallel arrangement seen in the crystalline
state, leading to a reduction in energy transfer efficiency. In the nematic phase, the degree
of molecular order decreased rapidly, especially near the isotropization temperature.
This further disrupted the parallel alignment between BBOT and DCM molecules. This led
to a decrease in the rate of energy transfer. Finally, in the isotropic phase, both dye molecules
oriented randomly leading to the lowest observed energy transfer rate.

The second system consisted of a nematic liquid crystalline matrix composed
of a commercially available E7 mixture (with the composition presented further in Fig. 37),

along with the florescent dyes C12-PBI and Cou, both presented in Fig. 31.

C12-PBI

Figure 31 Structural formulas of the two fluorescent molecules used as a FRET pair
in the E7 LC matrix. Rod-like shapes of the dyes molecules are indicated with colors.

Reproduced from [244].

This dye-doped LC mixture exhibited tunable emission properties within the temperature
range between RT and around 80 °C, involving phase transition of the liquid crystalline
matrix (N-Iso). The emission of the sample under UV light, as well as its luminescent
properties at various temperature, are presented in Fig. 32.

As shown in Fig. 32a, the sample emitted bright green fluorescence after being left
at RT for several hours. This fluorescence originated solely from the donor Cou, indicating
deactivation of CI12-PBI luminescence, with only weak emission detected between
600 and 700 nm (Fig. 32b). At RT, negligible absorbance of C12-PBI was observed, which
was attributed to dye aggregation. Upon heating, the green emission gradually changed
to red, being visible on both, the surface and edges of the cell (Fig. 32a). The absorption

spectrum also underwent changes, suggesting that C12-PBI dissolved into the LC matrix,
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likely enhancing energy transfer from Cou to C12-PBI and resulting in the red emission (Fig.
32b). By comparison of the relative emission intensities at two wavelengths characteristic
to the individual implemented luminophores, it can be clearly observed that the extent

of FRET increased strongly above the isotropization temperature of the E7 matrix (Fig. 32c).
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Figure 32 a) Photographs of a cell containing C12-PBI/Cou dual dye-doped LC mixture
demonstrating the color change under UV light excitation. b) Absorption (solid lines)
and edge emission (dotted lines) spectra of a the cell before (black lines) and after heating
to 80 °C (red lines). ¢) Ratio between edge emission intensities at 623 nm (C12-PBI)
and 510 nm (Cou). Vertical dotted line — E7’s isotropization temperature of 58 °C. Taken
from [244].

The presented examples highlight the importance of investigating the mutual compatibility
between fluorescent dyes and LCs matrices across various temperature-dependent phases.
Precise control over the solubility of the dye and resulting fluorescent properties of the dye-
doped LC can enable the development of new functional materials for light amplification,

as well as with stimulus-sensitive properties such as thermofluorochromism.

66



4. Materials and methods

In this thesis, various matrices for different organic dyes were investigated to assess how
the matrix type might influence potential applications of the system. Table 2 summarizes
all the investigated materials investigated. In order to give the reader more insight into them,
details are given there, such as the type of the matrix and dye implemented,
as well as the material resulting from the combination of both. The last column refers

to scientific articles that are part of this thesis and describe a given material.

Table 2 Materials investigated in this dissertation.

Matrix Dye(s) Resulting material Ref.
Sol-gel ‘ ‘
High-RI luminescent films and
(TEOS and ) :
RhB microstructures (WGs, discs- P1, P2
TET, GLYMO .
shaped structures and gratings)
and TET)
POPOP, C102, Cé6, C7,
Polymer
C30, PM597, RhB, High-RI luminescent films and
(PBzZMA PS, _ . P3
Rh6G, DCM, NR, microstructures (gratings)
PC, PSU)
Ox170Per
Polyelectrolyte
C6 RH-sensitive luminescent films P4
(PSSA)
LC POPOP, C6, PM597,
(ZLI-1496, Rh6G, DCM, NR, Theromfluorochromic ps
160CB, 1754, 60,60-DFF, 80,80- materials
E7) dMeDPP

C102 — Coumarin 102; C7 — Coumarin 7; C30 — Coumarin 30; Ox170Per — Oxazine 170
Perchlorate; 60,60-DFF, 80,80-dMeDPP — derivatives of DFF and DPP; ZLI-1496,
160CB, 1754, and E7 — LC matrices implemented in the studies (their structural formulas

and compositions are presented in Fig. 37)
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4.1. Materials preparation

4.1.1.Sol-gel preparation for thin film deposition

The studied materials were prepared via sol-gel synthesis method using titanium(IV)
and silicon alkoxides. TEOS and GLYMO were used as precursors for silicaand ORMOSIL,
respectively. TET served as a precursor of titania. Ethanol was used as the solvent, while
water and hydrochloric acid were implemented to enable hydrolysis and condensation
of precursors. Additionally, AcAc was used to compensate for the rapid hydrolysis
and condensation of TET. Sol formation was performed at 50 °C in a closed vessel,
in the ultrasonic bath. The specific conditions of the sol-gel synthesis and composition
of the sols are detailed in the P1 and P2 publications included in this dissertation. Structural

formulas of the precursors used for the syntheses are presented in Fig. 33.

H3C CH3

- 7 OCHz PN P
O-gi¥ HsCO-Si—_~. HsC™ "O_ 0" "CHs
/_O O—\ CI)CH O% /TI\
TEOS GLYMO TET

Figure 33 The structural formulas of the investigated alkoxide precursors of silica,

ORMOSIL and titania, respectively.

4.1.2.Polymer solutions preparation for thin film deposition

For the preparation of polymer solutions, PS, PBzMA, PC, and PSU were used. Details
regarding the implemented polymers are included in the publication P3. Additionally,
a polyelectrolyte — PSSA was investigated as the one containing a specific functional group
(-=SOs3H), which is responsible for its high acidity. Details of this polyelectrolyte
can be found in the publication P4. The structural formulas of the investigated polymers,
including polyelectrolyte, are presented in Fig. 34. These polymers were dissolved
in appropriate solvents, such as chloroform or a mixture of ethanol and water, to prepare
solutions for thin film deposition. Various concentrations of polymers were used, which
influenced the thickness of the obtained films. Solutions of polymers doped with organic
dyes were prepared similarly, with the addition of the dye, to achieve the desired dye-to-

polymer mass ratio, ranging from 0.1 to 10%.
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Figure 34 The structural formulas of the investigated polymer matrices.

4.1.3.Sol-gel-derived and polymer layers deposition

Thin films of the aforementioned materials were deposited onto various substrates, chosen
according to intended application. These substrates included soda-lime glass, Si (100)
wafers, or Si wafers with a 3 um thick SiO; layer. The films were deposited using the dip-
coating method. During deposition, a given substrate was immersed in the material solution
and then withdrawn at a controlled speed to achieve a film with the desired thickness.
The influence of the withdrawal speed on the thickness of the obtained film was investigated.
Experimental details on the film deposition are provided in P1-P4. Throughout the dip-
coating procedure, the beaker containing the solution was additionally shielded with
acylinder toprevent uncontrolled air movement, which could perturb deposition
of a uniform layer.

Following deposition, the sol-gel-derived layers underwent further thermal treatment
on a hot plate or in a laboratory furnace, to remove any remaining solvent and water,
increasing at the same time the condensation degree of the xerogel film. The effect of heating
temperature on the properties of the films was investigated for temperature ranged from
25 °Cto 300 °C, with the heating time varying from 10 minutes to 24 hours. Detailed thermal
treatment conditions for the sol-gel-derived layers are described in the P1 and P2

publications.

4.1.4. Structurization of the films
One of the aims of this thesis was to explore the potential for structuring the obtained
materials in the form of thin films. To achieve this, two structurization methods were
implemented:

e NIL (or TNIL),

e wet-chemical etching.
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NIL was implemented to prepare grating structures on the sol-gel-derived and polymer films.
Wet-chemical etching was applied to create disc-shaped and strip WG microstructures
on the dye-doped sol-gel-derived films.

The master molds for the grating structures were obtained from commercially
available DVD-R discs after dissembling them (with a grating period of approximately
740 nm) or from a commercially available blazed grating GR25-1208 (Thorlabs) with
a groove density of 1200 lines/mm (with a grating period of approximately 833 nm).
The transfer of the grating structures onto the sol-gel-derived or polymer films was achieved
via fabrication of the elastomeric stamps made from two-component elastomer Sylgard 184
(Dow Corning), based on PDMS. Both components of Sylgard 184 were mixed in a typical
weight ratio of 10: 1. Air bubbles were removed from the mixture under vacuum. Afterward,
the PDMS mixture was poured onto the surface of the master grating. After curing for 48 h
at RT, the cross-linked PDMS layer was gently peeled off from the surface, resulting
in a replica of the grating structures on the PDMS elastomer surface. The patterned PDMS
elastomer was subsequently cut into smaller squares (with a surface area in a range
0of 0.5x0.5 cm? to 1 x 1 cm?), which were used as stamps for the imprint process.
The imprint process was presented schematically in Fig. 35.

PDMS
stamp

Sol-gel or
polymer
layer

Soda-lime glass

Figure 35 Scheme of the imprint process with the implementation of the PDMS stamp.

In this process, the PDMS stamp, featuring grating structures, was pressed manually onto
the freshly deposited sol-gel film or polymer film (as shown in Step I in Fig. 35). For the sol-
gel film, the layer was heated along with the stamp to solidify the sol-gel layer. In contrast,
the polymer layers required heating when pressing the stamp to induce plasticity
of the polymer, enabling it to flow and form desired structures. Then, After heating
for desired time, the stamp was removed from the film's surface, revealing the formed
grating structures (as shown in Step Il in Fig. 35). An additional cooling step was applied
to the polymer layers before Step II.

The second structurization method was applied exclusively for the sol-gel-derived

films due to the compatibility with the photoresist and possibility to perform wet-chemical
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etching. This method involved masking of specific areas of the sol-gel films using a negative
type of photoresist followed by wet-chemical etching of the unmasked regions of the sol-gel

layers. The process is illustrated in Fig. 36.

Photoresist layer (with additional layer of adhesion promoter)

Sol-gel layer
— g
1n (1)

Soda-lime glass

Figure 36 A schematic overview of the PL (top row) and wet-chemical etching processes

(bottom row) performed on the sol-gel-derived layers to obtain microstructures.

The first step involved coating the sol-gel layers with an adhesion promoter AR 300-80
and a photoresist AZ 15nXT diluted in AZ EBR solvent (as shown in Step | in Fig. 36). Then,
the photolithography (PL) was carried out using a Suss MicroTec MA8/BA8 mask aligner
equipped with a 1000 W UV lamp. The photoresist layer was exposed through a chromium
photomask featuring disc-shaped and strip WG structures. The mask was designed
in cooperation with Department of Optics and Photonics at the Faculty of Fundamental
Problems of Technology, Wroclaw University of Science and Technology. Subsequently,
the photoresist was developed using a designated developer (Step Il of Fig. 36).
Next, the sol-gel layer masked with the photoresist structures was etched using a mixture
of hydrofluoric acid with ammonium fluoride — known as a buffered hydrofluoric acid
(BHF) solution, for a variable duration (Step Il in Fig. 36). This method enabled precise
control over the etching depth of the sol-gel layer (refer to cases A, B, C in Fig. 36).

4.1.5.Dye-doped liquid crystalline mixtures preparation

Liquid crystalline mixtures doped with dyes were prepared from commercially available
multi- or single-component LCs. The investigated materials included the 1754 and E7
multicomponent mixtures, as well as single-component LCs — ZLI-1496 and 160CB.

The structural formulas of the components of these LCs are presented in Fig. 37.
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Figure 37 The structural formulas of the components of the thermotropic LCs used
in the studies exhibiting: a) crystalline and b) nematic phase at RT. Phase transition

temperatures are given below the formulas. Reproduced from [249].

As shown in Fig. 37, the liquid crystalline compounds used in the study exhibit different
types and temperature ranges of LC phases. ZLI-1496 and 160CB are crystalline at RT,
while at elevated temperature, they show nematic and smectic A phases, respectively.
In contrast, the 1754 and E7 multicomponent LCs are already in the nematic phase at RT.
In particular, the mixtures exhibiting the phase transition from crystalline to LC phase were
used for investigation of the thermofluorochromic properties of the dyes embedded in them.

The dye-doped liquid crystalline mixtures were prepared by mixing the appropriate
amount of organic dye with the selected liquid crystalline mixture. The components were
mixed at an elevated temperature, above the isotropization point of the LC matrix, until
a homogenous solution was achieved. Details on the preparation of the various dye-doped

LC mixtures are provided in the P5.

4.2. Materials characterization methods

This section outlines the general characterization methods used for the investigated
materials. A more detailed description of the experimental setups and measurement
conditions for the various materials can be found in the experimental sections of the articles

included in this doctoral dissertation (P1-P5).

4.2.1. UV-Vis absorption spectroscopy

Measuring light absorption in the UV-Vis range allows determining the spectral range
in which the fluorophore molecule can absorb the light. This measurement helps to select
the excitation wavelength for subsequent photoluminescence studies. Additionally, analysis

of the absorption spectra of the dye-doped materials can provide insight into the dye's
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structure, which may be affected by factors such as protonation, leading to observable color
changes. Similarly, this technique can assess the mutual arrangement of the dye’s molecules,
which may be influenced by factors such as the formation of aggregates. It may also be very
helpful in the determination dye’s solubility limit.
Absorption measurements in the UV-Vis range were performed for various dye-doped
materials such as:
e solutions,
e sol-gel-derived and polymer (including polyelectrolyte) films,
e [Cs.
Due to the varying nature of the investigated materials, their absorption spectra were
measured either in quartz cuvettes (solutions and LCs) or as films deposited on soda-lime
glass substrates. For such measurements, UV-Vis spectrophotometers Evolution 300 and
Evolution 600 (Thermo Scientific) were implemented. Spectra of the dyes’ liquid solutions
were recorded in quartz cuvettes with a 10 mm optical path length. On the other hand, spectra
of the dye-doped LCs were recorded in the quartz cell with the optical path length of 0.5 mm.
Additional spectral characteristics, including transmission and reflection spectra of the
undoped sol-gel-derived films were recorded using an AvaSpec-ULS2048LTEC UV-Vis fiber
spectrophotometer (Avantes) coupled with a deuterium halogen fiber light source —

AvaLight-DH-S-BAL (Avantes).

4.2.2.UV-Vis emission spectroscopy
Photoluminescence excitation spectra provide valuable insights into the spectral range
in which the materials can be excited to generate efficient light emission. Conversely,
photoluminescence emission spectra reveal the spectral range of the light emitted
by the material. Both measurements complement light absorption data and offer additional
information about phenomena such as dye protonation or aggregation in different matrices.
Emission and excitation spectra of the dye’s solutions, dye-doped sol-gel-derived
and polymer films, as well as the dye-doped LCs were recorded with an FLS980
spectrofluorimeter (Edinburg Instruments) with a xenon lamp as the excitation source.
The spectra of the dyes’ solutions were recorded in the quartz cuvettes with a 10 mm
optical path length. The spectra of the dye-doped LCs were recorded in the quartz cells
with a 0.5 mm optical path using an attachment designed for measuring powder samples.

For the dye-doped films, emission spectra were also measured using this accessory.

73



Additionally, for the dye-doped sol-gel-derived films, the emission spectra were registered
from the edge of the films (using so-called WG setup) with an AvaSpec-2048 fiber
spectrophotometer (Avantes), following an excitation with the second harmonic line

(A=1532 nm) of a SEM16-LP532-50CH Nd: YAG laser (Semicon).

4.2.3.UV-Vis absorption and emission spectroscopy under humidity-dependent and
temperature-dependent conditions

A specific focus of the doctoral research was the characterization of spectroscopic properties,

which depended on RH. Such properties were found for the C6-doped PSSA.

For comparative analysis, this material was prepared as thin films on both soda-lime

and quartz glass substrates.

In the conventional spectrophotometer and spectrofluorimeter, the properties of the
films could only be measured under ambient conditions, which could not be easily
controlled, thus limiting a comprehensive characterization. To overcome this limitation,
a specialized setup was constructed to measure humidity-dependent absorption
and photoluminescence spectra.

The experimental setup was designed to be reconfigurable enabling the measurements
of light absorption or photoluminescence spectra under various RH conditions. For light
absorption measurements, a high-intensity fiber-coupled halogen lamp illuminator OSL2
(Thorlabs) was used as a light source. The light transmitted through the film was collected
by a QFE65 Pro fiber spectrophotometer (Ocean Optics). For the excitation
of the luminescent film a continuous-wave diode laser with a wavelength of 405 nm (RGB
Laser Systems) was used to excite the luminescent film at an angle of approximately
50° relative to the normal of the film. The photoluminescence from the surface of the films
was subsequently collected using the QE65 Pro fiber spectrophotometer (Ocean Optics)
with the fiber parallel to the normal of the film.

The RH within the chamber was controlled by adjusting the composition of the mixture
of inlet gasses. This was achieved by regulating the flow rates of two gas streams: (1) dry air
and (ii) nitrogen, which was passed through a water-filled gas wash bottle maintained
at a constant temperature of 40 °C. The flow rates were controlled using a VFB-68 flow
meter (Dweyer). The RH level inside the measurement chamber, along with the temperature
inside and outside the chamber, were monitored using a commercially available
thermohygrometer ETH 8003 (Eurochrom), with a RH measurement range of 20-95%

and an accuracy of +5% RH.
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Using this setup, additional measurements were performed to evaluate the following
parameters:

e the response time of the films to variations in the RH,

e the stability of the films under cycles of changing the RH and continuous laser

irradiation.

Additionally, light absorption measurements of the dye-doped LC mixtures were performed
at various temperature. For these measurements, a dedicated experimental setup was
constructed. It included a light source — a high-intensity fiber-coupled illuminator OSL2
(Thorlabs) based on a halogen lamp and a fiber spectrophotometer QF65 Pro (Ocean
Optics). In this setup, the dye-doped liquid crystalline sample was sandwiched between two
microscopic cover glass slides, and placed in the heating stage L75420 (Linkam), which
enabled precise temperature control of the samples. For measurements of temperature-
dependent emission spectra of these dye-doped LC samples, the same setup was
implemented. However, for excitation of the photoluminescent materials, it was additionally
equipped with a continuous-wave diode laser with a wavelength of 405 nm (RGB Laser

Systems).

4.2.4. Absolute photoluminescence QY determination
QY is a key property of a fluorophore. It is defined as the ratio of the number of emitted
photons (N,,,) to the number of absorbed photons (N,;s) [65]. Thus, the QY can be defined

as follows:

em

N, abs

QY = -100% (10)

Photoluminescence QY can be assessed using either the relative or absolute method.
The relative method compares the fluorescence characteristics to a known QY standard.
In contrast, the absolute method directly measures the number of photons absorbed
by the sample and the number of photons emitted due to the radiative relaxation.

Typically, an integrating sphere is used to determine absolute QY, which can collect
the excitation light not absorbed by the sample and light emitted from the sample.
It is commonly applied to solvents and powders. However, in this thesis, two modifications
of the QY measurement procedure were developed to enable the assessment of QY for the
dye-doped polymer films deposited on glass substrates, as well as for dye-doped LCs in both
crystalline and liquid crystalline phases. Absolute QY's were measured using the FLS980
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spectrofluorimeter (Edinburg Instruments) equipped with an Integrating Sphere Assembly
F-M01 (Edinburgh Instruments) integration sphere compatible with the instrument.

The setup was adjusted according to the type of sample being measured. Table 3 lists
the type of the characterized materials, together with the materials used for measurements

of reference spectra, and types of sample holders employed.

Table 3 Summary of the types of characterized materials, reference materials and types

of sample holders used in this dissertation for absolute QY measurements.

Type of sample Reference material Sample holder

dye dissolved in a solvent pure solvent quartz cuvette

pristine polymer film
of similar thickness
on the glass substrate

dye-doped polymer film
on the glass substrate

dye dispersed
in a scattering medium powdered BaSO4 or KBr a cup holder for powders
(powdered BaSO4 or KBr)

undoped LC in the same

dye-doped LC amount

4.2.5.FT-IR spectroscopy

Infrared (IR) absorption spectroscopy is a highly effective technique for both qualitative
and semiquantitative analysis of substances. It relies on the absorption of IR radiation
by specific groups of atoms (functional groups), the characteristic of different molecular
structures. Thus, by analysis of absorption bands at given characteristic frequencies,
one can identify the functional groups present in a sample [250]. It may be used
complementary to other techniques such as UV-Vis absorption, emission, or Raman
spectroscopy offering valuable insight into the type of chemical bonds and molecular
structure of the material under investigation.

The IR absorption spectra were measured using a Nicolet 6700 FT-IR Spectrometer
(Thermo Fisher Scientific) equipped with a Smart Orbit ATR Accessory. The experiments
were performed at RT in the 4000-400 cm™' spectral range at the resolution of 0.5 cm.
As part of this research, the FT-IR measurements were performed to investigate the structure
of the sol-gel-derived materials in the form of thin films, as well as powders of humidity-
sensitive C6-doped polyelectrolyte. Detailed information about these measurements

can be found in publications P2 and P4.
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4.2.6.Ellipsometry for determination of RI and thickness of the films

Ellipsometry a technique is often used to assess the thicknesses of thin films and determine
the optical constants (the real and imaginary parts of the complex refractive index)
of the materials. Additionally, it can be employed to evaluate various material characteristics
such as degree of crystallinity, surface roughness, doping levels, and other properties that
affect optical behavior. The ellipsometry utilizes light with a known polarization state,
typically linearly polarized, incident on a layered structure. After reflection from the sample,
the polarization state of the reflected light changes to elliptical [251]. It was presented
schematically in Fig. 38. The response measured by the ellipsometry method is influenced

by both the |optical properties and thickness of the materials being analyzed.

Linearly polarized light

p-plane

Elliptically polarized light
p-planey ¢

plane of incidence

Reflection from sample

Figure 38 Scheme illustrating the change of the light polarization state upon reflection from

the sample. Own elaboration based on [251].

The fundamental equation of ellipsometry is presented below:

T ]
p=_—= tan () exp(id) (1)

where 1;,, 75 are the Fresnel complex amplitude reflection coefficients for the light polarized
parallel (p-plane in Fig. 38), perpendicular (s-plane in Fig. 38) to the plane of incidence,
respectively. The angles y and 4 are the standard ellipsometry angles, representing
the change of the amplitude and phase shift, respectively, of an optical wave upon
the reflection (for both p- and s- polarized light). The fundamental ellipsometry equation
(Eq. 11) allows to determine the thickness of the investigated film, along with its RI

and extinction coefficient [174].
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Ellipsometry measurements were performed using a SE§50 DUV spectroscopic ellipsometer
(Sentech) in the 400-930 nm spectral range, with data analysed in SpectraRay software.
The RI dispersions of the sol-gel-derived or polymer layer were evaluated by fitting
the y and 4 data using Cauchy’s dispersion formula. For clarity, RI values were further
reported for A =632.8 nm. To validate the obtained results, selected samples were also
analyzed in a collaboration with professor Karasinski's team from the Department
of Optoelectronics at the Silesian University of Technology. These measurements

were conducted using a SE400 monochromatic ellipsometer (Sentech).

4.2.7.Contact profilometry for determination of the film thickness and microstructures
height
The profilometry method, which uses a contacting stylus, is widely employed to determine
a sample's surface profile. In this thesis it was primarily used to evaluate the height
of the microstructures formed on the sol-gel layers following the wet-chemical etching
process. Moreover, this technique was used to confirm the thickness of the sol-gel-derived
and polymer films. In this case, the thin-layer sample had to be prepared before
the measurement.
The process involved creating a small scratch on the sol-gel or polymer film’s surface.
By scanning across the scratch, its profile was determined, and by assuming that the layer
was completely removed from the scratch, which was visible by a flat profile, the thickness

of the films could be evaluated (Fig. 39).

removed part of the layer with marked thickness of the film

investigated layer \I --------

substrate

Figure 39 Diagram showing a cross-sectional view of a layer with a scratch deposited

on the substrate.

Contact profilometry provides quick and valuable information about the topography
of fabricated microstructures and the thickness of the films. Its main limitation
is the diameter of the stylus tip, typically in the scale of a few micrometers, which limits
the resolution of the measurement. This means that the topography of dense microstructures,
such as grating with submicrometric periodicity, may not be determined precisely using this
method.
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4.2.8. Atomic force microscop (AFM) for grating topography determination

AFM is a powerful technique for capturing very high-resolution topographical images
and analyzing various physical properties of materials, including their mechanical
characteristics and composition. The analysis is performed at atomic resolution by scanning
the surface with a sharp tip mounted on a soft cantilever. The cantilever deflections
are measured using an optical lever system [252,253].

In these studies, AFM was applied to determine the surface topography of gratings
created using the elastomeric stamps made from PDMS, as well as the gratings transferred
onto the sol-gel-derived layers. Measurements were performed using a Dimension FastScan
AFM microscope (Bruker).

4.2.9.Laser light diffraction method for determination of diffraction grating efficiency
When light is directed at the surface with an irregular profile at a scale similar
to the wavelength of the light, it is reflected and refracted in multiple directions. However,
if the irregularities are arranged periodically, such as grooves separated by a constant
period 4, the light undergoes diffraction, leading to constructive interference in specific

directions. The condition for constructive interference can be given as:

sinf, = sinf + 1% (12)

Eq. 12 can be interpreted in a way that for a specific angle of incidence 6 the light
is diffracted at an angle 8, for each of the diffraction order / (where / is an integer).
The diffraction parameter is influenced by both, the wavelength of the incident light A and
the grating period A [254]. This relationship is schematically illustrated in Fig. 40.

Diffraction efficiency is an additional important parameter, which characterizes
grating structures, and is defined as the intensity of the diffracted light beam, for a given
diffraction order /, to the intensity of the light beam incident on the grating surface.
The intensity of the diffracted beams is frequently measured during the formation
of holographic photoinduced grating in azobenzene-based materials. By analyzing
the diffraction efficiency throughout the process, the dynamics of grating formation can
be studied [255].

In the scope of the doctoral dissertation the diffraction efficiency in a single first
diffraction order was measured to estimate, how efficiently the grating from the elastomeric
mold was transferred onto the sol-gel-derived or polymer films under investigation. It was

calculated as the ratio of the intensity of the first diffraction order (transmitted beam)
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to the intensity of the incident laser beam. The diffraction efficiency was measured using
s-polarized laser light of A = 632.8 nm.

incident light

grating’s normal
0>0-

Figure 40 Scheme of light diffraction on a typical thin transmission grating (with multiple

diffraction orders, Raman-Nath regime). Own elaboration based on [254].

4.2.10. Numerical calculations for evaluation of the waveguiding properties of the films

and photomask design
Numerical calculations of the WG properties of the sol-gel-derived films were performed
in cooperation with Professor Karasinski's team from the Department of Optoelectronics
at the Silesian University of Technology.

Also, the calculations for designing a photomask for the fabrication of disc-shaped and
WG structures were performed in collaboration with the Department of Optics and Photonics
at the Faculty of Fundamental Problems of Technology, Wroclaw University of Science and
Technology. 2D Finite-Difference-Time-Domain (FDTD) method, implemented
in Lumerical [256], was used to study electric field resonances in the electric field spectra
of sol-gel microdisc resonators.

Moreover, to assess the potential of the polymer films as WGs, calculations were
conducted using a simple mode solver for optical dielectric multilayer slab WGs with 1D

cross-section [257].

4.2.11. Scattered-light method for determination of the WG optical transmission losses
Optical transmission losses are key parameter characterizing WGs. One of the methods for
determining optical losses is a so-called scattered-light method. As light is propagating
inside a WG, a streak of scattered light is observed on its surface. Assuming that the WG

is homogenous along the direction of the light propagation (x) and the power of the scattered
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light at each point on the streak is proportional to the optical power guided within the WG —

the light power distribution can be described as:
P(x) = P(0)-exp(-m-x), (13)

where m is the losses factor, and P(x) represents the power of the light guided within the WG
at a specific point of the WG at a distance of x relative to the beginning at a distance of 0.
In other words, by monitoring the decrease of the scattered light intensity along the surface
of the WG as a function of the position, one can determine the attenuation parameter

of the optical mode propagating in the WG [258]. This is schematically illustrated in Fig. 41.

x= 0 X

Light propagating
in the WG structure

Laser light source } P(0) P(x) = P(0)-exp(-m-x) /

Streak of scattered laser light

X axis

Planar WG structure

Figure 41 A diagram illustrating the principle of the scattered-light method for evaluating

optical transmission losses in a WG.

The optical transmission losses were determined for the TEo fundamental mode of light at the
wavelength 4 = 677 nm. Streaks of the scattered light on the surface of the WGs were
captured using a scientific-grade TE-cooled camera /50/M-USB-TE (Thorlabs), equipped
with a CCD sensor that provided 14-bit grayscale images. These measurements were
conducted in collaboration with Professor Karasinski's team from the Department
of Optoelectronics at the Silesian University of Technology. More detailed information

regarding the optical loss determination procedure is described in the publication P1.

4.2.12. Optical microscopy

Optical microscopy was implemented to characterize various samples, including grating

structures on sol-gel-derived and polymer films, disc-shaped and WG structures in the sol-

gel-derived films. Investigation of the dye’s crystallites in the LC matrices was also

performed using this technique with additional polarizers — polarized optical microscopy.
Optical microscopy images were captured using a DM8E000 or DM2700P optical

microscopes (Leica) in either reflection or transmission mode, using white or UV light
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illumination. To investigate the dye-doped liquid crystalline mixtures, the DM2700P optical
microscope was equipped with the crossed polarizers (0-90°). The specific conditions varied
depending on the type of sample being investigated and are described in more detail

in the P1-P5 publications included in this thesis.

4.2.13. Scanning electron microscopy (SEM)

SEM is a powerful imaging tool, widely used in research and engineering because
of its ability to achieve much higher magnification and resolution than optical microscopy.
This advantage is attributed to the shorter wavelength of the electron beam, that is used
in SEM, compared to the wavelength range of the UV-Vis light utilized in optical
microscopes [259].

SEM imaging was used to investigate the selected microstructures fabricated
on the sol-gel-derived films. The SEM micrographs were acquired using the Helios
NanoLab microscope (FEI, currently Thermo Fisher) equipped with a focused ion beam
(FIB) column and a gas injection system (GIS). A low accelerating voltage, typically 2 kV,
was employed during the imaging process. The through-the-lens detector (TLD) was applied
to capture high-resolution images. The FIB module was used to obtain cross-section views
of selected samples. Platinum layers were locally deposited on the sol-gel derived layers
using the gas injection system (GIS) and electron-beam patterning to protect

the microstructures during FIB cross-sectioning.

4.2.14. Single crystal X-ray diffraction (XRD)

Single crystal XRD provides valuable information about the chemical structure
of the analyzed crystalline compound. In the scope of the thesis, this method was
implemented for determination of single crystal structure of the new DFF dye to better
understand the relationship between its structure and properties such as solubility in LC
matrices.

The diffraction data were collected at 100 K on an XtaLAB Synergy R diffractometer
(Rigaku) with a rotating-anode X-ray tube and Hybrid Pixel Array Detector. The data
collection, reduction, cell refinement, and analysis underwent processing through
CrysAlisPro software [260]. The structure was solved by direct methods using the SHELXS
program [261] and refined using a full-matrix least-squares procedure with SHELXL-
2018/3, both implemented in Olex2 [262]. Molecular structure and crystal packing of the

compound were drawn using the Mercury 4.0 program [263].
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5. Results
P1. Towards facile fabrication of photonics components from inorganic and hybrid sol-

gel films. Preparation and optical properties characterization
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The search for high RI index materials as matrices for organic luminescent dyes started with
sol-gel-derived materials based on alkoxide precursors of silica and titania. This choice was
partially dictated by a need of further compatibility with the photonic platform being
developed in the Lukasiewicz — PORT.

The literature describes luminescent coatings based on simple silicon and titanium(IV)
alkoxides e.g. ethoxides or coatings based on organically modified precursors such
as GLYMO and titanium(I'V) alkoxides. It is often mentioned that the surrounding of the dye
by the ORMOSIL network can improve the dye's luminescent properties. However,
adetailed analysis comparing both types of matrices (organically modified
and not modified) in terms of the luminescent properties of the dye embedded in has not
been done yet.

I decided to compare the luminescent properties of a selected luminescent dye — RhB,
which is a commercially available dye from the rhodamine family with well-known
luminescent properties characterized in the solution. Its properties were compared in two
different type offilms — not modified matrix, synthesized from TET and TEOS
or organically modified matrix, composed of TET and GLYMO. Moreover, the influence
of a chemical additive — AcAc, a complexing agent for TET, on the luminescent properties
of the dye was established. Additionally, other properties of the coatings, such as RI
and thickness were determined, also as a function of a temperature of the heat treatment

of the films.
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Key findings include a general trend of increasing RI and decreasing film thickness with
heat treatment temperature increasing from RT to 300 °C. Moreover, the RhB-activated films
were successfully prepared in this temperature range. The luminescence properties of the
films based on ORMOSIL showed greater stability under heat treatment (up to 200 °C) than
these based on TEOS. Additionally, the studies showed a redshift of the maximum of the
photoluminescence spectrum detected from the output edge of the luminescent films
compared to that from the surface, likely due to re-absorption effects.

Further studies were performed only on the organically modified films, which included
investigation of the TET content on the RI. For hybrid films treated at 200 °C, increasing the
TiO; precursor content in the sol-gel-derived matrix up to 80 mol% raised the RI to 1.71,
anotably high value for low-temperature-prepared hybrid films. This increase
was accompanied by a decrease in indirect and direct energy band gaps, possibly due
to larger titania clusters and reduced optical homogeneity, as confirmed by reflection spectra.

Despite the low heat treatment temperature, hybrid waveguiding films with a 50 mol%
TiOz and 50 mol% ORMOSIL precursors content were fabricated, with a thickness ensuring
supporting of fundamental TEo and TMo modes. Moreover, they exhibited low optical losses
(down to 1.05 dB/cm), as determined by the light-scattering method. The study also
introduced a simple method for diffraction gratings replication on hybrid films with high RIs
(up to ~1.7), using a soft elastomer stamp. It was further shown that they could be used
as grating couplers to couple the laser light into the waveguiding films, instead of more
complicated coupling technique such as prism coupling.

These findings demonstrate that hybrid sol-gel films are promising candidates
for integrated optics applications, such as sensors and DFB lasers, offering advantages like
tunable optical properties, luminescent dye activation, and easy patterning via soft
lithography. Elaborated fabrication method of the luminescent sol-gel-derived films was

further implemented for fabrication of luminescent disc-shaped structures.
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ARTICLEINFO ABSTRACT

New trends towards development of integrated optics and miniaturization of photonic devices require fabrication
of miniaturized photonic components. Fabrication of waveguniding films with designed optical propertics is 4
fundamental process for production of planar integrated devices.

Keywords:
Solgel method
Silica-titania films

g'nim.l :( m:: A We report here preparation of thin layers based on TiOy precursor (TET — titaninm(IV) ethoxide) and Si0O,
“!Hw.g“:d: ) precursors, namely inorganic (TEOS - tetracthyl orthosilicate) or organically medified (GLYMO — 3-glycidox-

ypropyltrimethoxysilane) as candidates for potential application in the planar integrated circuits.

The thin layers were deposited on soda-lime glass substrates using the sol-gel method and dip-coating tech-
nigue and processed at nelatively low temperature (up to 300 °C), Several parameters e.g. a) the type of Si0,
precursor, b) the presence of complexing agent for TET and ¢) heat treatment temperature were tested for their
influence on thickness and refractive index of the obtained films.,

Furthermore, a few series of sol-gel films activated with luminescent dye (Rhodamine B) was fabricated. The
infTuence of the above-listed parameters on lumineseent properties of the films was characterized because of lack
of systematic study in the literature in this aspect. Morcover, a spectrum of the light at the output of a chosen
luminescent dye-doped waveguiding film excited by laser source was investigated.

In addition, the subject of onr investigalions were [ilms prepared at 200 °C with varions amounts of TET and
organically modified 5i0y precursor in concentration range not presented before. ‘Their optical properties such as
homogencity and values of optical band gap of TiO; clusters were explored. For selected samples the wavegnide
properties including the optical losses were evaluated. For the first time, hybrid films with presented composition
and refractive index in range of 1.59-1.71 were used for patterning by nanoimprint technique allowing for
reproduction of periodic structures, which may serve for example as grating conplers or DFB (distributed
feedback) resonators.

1. Introduction

Research conducted in recent years has shown that sol-gel technol-
ogy may successfully lead to the preparation of new functional materials
applicable in integrated optics circuits [1-9]. Thin films with control-
lable refractive index and thickness may be used in photonics ~ for
example as waveguides [4,5,9], Bragg mirrors with engineered photonic
band gaps [2,10] or matrices for organic luminescent dyes [/,11 19].
Such layers doped with luminescent organic dyes are especially inter-
esting because of the potential application for miniaturized laser devices

[7,11,13-15,17].

One of the most studied type of the sol-gel materials used for the
fabrication of planar photonic components are based on $i0, and TiO,.
By changing the content of TiO; [15,20,21] and heat treatment tem-
perature [20,22-24] it is possible to tune the optical properties such as
refractive index and thickness of the obtained films. Only a few reports
of modifying inorganic Si0,-TiO; thin films with organic luminescent
dyes have been found in literature [11,14,15,25]. However, none of
them describes the effect of heat treatment temperature of the films on
their luminescence properties.
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Other examples of luminescent films prepared using the sol-gel
method include the hybrid films prepared using organically modified
silica precursors (ORMOSIL) [16-19,26-28] which change the sur-
rounding of the dye, thus enhancing its stability [16]. According to the
reference [3], the hybrid sol-gel materials are good candidates for in-
tegrated optics due to their acceptable optical losses of less than 1
dB/cm, relatively greater thickness of a layer obtained by a single
deposition process and smaller residual stress compared to pure inor-
ganic oxide waveguides, making these films less prone to cracking on
drying process. Moreover, hybrid materials are easier to pattern by
different lithographic techniques, which is especially important
considering photonics applications.

GLYMO is one of the most studied ORMOSIL precursors which is
often used for preparation of hybrid thin layers with designed refractive
index [15,21,27,29-22]. Waveguides prepared from GLYMO and TiO,
precursors at relatively low temperature (below 150 “C), are typically
characterized by transmission losses ranging from 4.20 dB/cm to 0.57
dB/cm [16,27,29,32]. Sol-gel materials of this type were used as
matrices for luminescent dyes such as a) rhodamines [16,17,19,26], b)
perylimides [16,18] and c) selected coumarin [27]. However, the
presence of the TiQ, in the sol-gel thin film, although necessary for
increasing the refractive index, may also lead to higher optical losses
[27] and quenching of the dye emission, as it was shown for a coumarin
dye [27]. It can also accelerate degradation of the dye during storage or
multiple excitations with laser light, as it was observed for rhodamine
dves [16]. Some reports describe the influence of heat treatment tem-
perature of the xanthene dves doped hybrid films on their optical
properties [19,22] but to our knowledge, none of the reports compares
the properties of organic luminescent dyes in the inorganic and hybrid
silica-titania films prepared in the same conditions. The importance of
our study was to emphasize the impact of heat treatment temperature of
the films on their optical, including luminescent properties. In Table |
we present the list of studied in the literature dye activated sol-gel films
containing SiOz or organically modified SiO; and TiO,.

Considering the application of the sol-gel materials in the integrated
oprics, it is also werth mentioning that these materials are easily pro-
cessed using the soft lithographic techniques such as nanoimprint,
which makes preparation of photonic components (strip waveguides,

Table 1
List of luminescent dye activated films fabricated from sols using TEOS or
GLYMO and TiO; precursors along with their heat treatment conditions.

No.  Organic dye Sol-gel Hear treatment Reference
precursory conditions
1. fhodamine B TEOS + TEL 150 °C, 1 min M
2 Rhodamine 6G TEOS + IBT Not specified (848
3. Rhodawine 6G TEOS + TET Not specilied [13)
4, Rhodamine 6G TEOS + TTIP/ 110°C, 30 h 1251
TMET
5 Rhodamine B, GLYMO | Not specified [161
Rhodamine 6G, TET/TTIP
Perylimide
B. Rhodamine B GLYMO | Not specified 117]
TET/TTIP
7. Rhodamine 6G, GLYMO + TET  RT-200 °C, 2 h [14]
Sulforhodamine
£ Rhodamine B TROS + Dried by [26]
GLYMO infrared famp
e
9. Perylimide GLYMO | Not specified (i8]
TET/TTIP
10, Coumarin 30 GLYMO | 120°C,1h 271
e+ zne
11.  Rhodamive B TEOS/GLYMO RT-300 °C, 10 This work
+ TET win

* TEOS - tetraethyl orthosilicate, TET - titanium(TV) ethoxide, TBT — titaninm
() 1 ide, TTIP - 1 (V) isopropoxide, TMET - ti (IV) tetra-
methoxyethoxide, Z11P — zirconium(1V) isopropoxide, GLYMO — (3-glycidylox-
ypropyDirimethoxysilane.
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grating couplers etc.) possible. Grating structures were previously
reproduced in the inorganic Si0,-TiO, films [4,8], SiO,-TiO, films
modified with surfactant [5] and GeO-ORMOSIL films [6], using hard
stamps as templates. On the other hand, the stamps made from the soft
materials such as polydimethylsiloxane el 1er (PDMS) were used to
imprint diffraction gratings (transferred from commercially available
CDs) in inorganic Si03-TiO3 films [33], micro-lens arrays in hybrid films
composed of ORMOSIL and TiO; [34] and microchannels in ORMOSIL
film (without TiO;) doped with xanthene dye [23]. For the hybrid films,
nanoimprint was done only for the hybrid material with 20% molar
content of the TiO; [34]. However, there are no reports concerning
nanoimprint in hybrid films with higher content of the TiO; making it
possible to achieve higher refractive index.

The ultimate goal of this research was to find conditions to obtain
Si0,-TiOy-based sol-gel films with high refractive index and low optical
losses, which could serve as planar waveguides on soda-lime glass sub-
strates. Additionally, to find facile and effective protocols to activate
these films with organic luminescent dye and to pattern them - both in
order to evaluate potential of the materials to be used for fabrication of
planar photonic components, as e.g. active waveguides, grating couplers
and DFB resonators.

In the first part of the work, particular attention was paid to the
dependence of the optical properties of the films on: a) type of SiO2
precursor (inorganic or erganically modified), b) addition of complexing
agent for TET - acetylacetone (acac) and c) temperature of heat treat-
ment of the film (up to 300 'C). To obtain luminescent films, sol-gel
solutions were activated with Rhodamine B and the influence of the
above-mentioned parameters on emission and excitation spectra was
studied. Because of the better stability of the luminescence properties of
Rhodamine B in the films fabricated from GLYMO and TET, these hybrid
matrices were selected for further studies.

For hybrid thin layers fabricated from GLYMO and TET, the influence
of TET content on their optical properties was investigated and for the
selected composition (with 50% TET content) the effect of concentration
of Rhodamine B on the emission and excitation spectra was determined.
Emission spectrum at the output of the dye-activated waveguiding films
excited by a laser source was characterized during changing the position
of the light detector across the output edge of the film. A photodiode
coupled optical fiber was used as a light detector (fiber detector).

Selected hybrid films (without dye) characterized by good optical
homogeneity were also explored in terms of their waveguiding proper-
ties. Moreover, replication of periodic structures by nanoimprint tech-
nique in the hybrid films with different TiO; content was studied.

Presented systematic studies contribute to broadening the knowl-
edge of designing films with desired optical properties, including
organic dye-activated films. This work includes also novel studies on
fabrication, optical properties and patterning hybrid films based on
GLYMO and various amount of TET (50-80 mol%). At the same time
such patterned films are characterized by sufficiently high refractive
index allowing to obtain waveguide with low transmission losses.

2. Experimental
2.1. Fabrication of materials

2.1.1. Sols synthesis procedure

Sols were prepared using TiOz precursor — TET (for synthesis, Sigma-
Aldrich) and SiO; precursors: TEOS (98%, Sigma-Aldrich) — named later
as ST or GLYMO (97%, Alfa Aesar) - named as GT. Ethanol (99.8%,
EtOH, Chempur) was used as a solvent while deionized water (H,0) and
hydrochloric acid (35-38%, HCl, Chempur) were added to promote
hydrolysis and condensation processes of the sol. Moreover, sols named
as STa and GTa were additionally modified with the complexing agent
for TET — acetylacetone (:»99.5%, acac, Fluka Analytical) in order to
reduce its hydrolysis rate and to avoid formation of the TiO, agglom-
erates during the sol-gel process.
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2.1.1.1. Sols ST, GT, STa, GTa. Firstly, TEOS or GLYMO was dissolved
in EtOH, and then H,0 and HCI were added to promote hydrolysis and
condensation processes in a molar ratio of TEOS/GLYMO : EtOH : H,0O :
HClequalto1:4:1.5:0.018. The sol was mixed in a closed vessel in the
ultrasonic bath at the temperature of 50 “C for 30 min.
Simultaneously, a second sol with TET was prepared. TET was mixed
with EtOH in the molar ratio of TET : EtOH equal to 1 : 10 (ST and GT
sols) or with acac, and then EtOH was added in the molar ratio of TET :
acac : EtOH equal ro 1: 0.5: 10 (STa and GTa sols). In the final step, both
sols containing $iOz and TiO precursors were mixed (in the molar ratio
of 50 : 50). Further sols formation was performed in the ultrasenic bath
at the temperature of 50 “C for 3 h. After that, the sols were filtered using
2 0.22 pm PTFE syringe filter and used for the preparation of thin films.

2.1.1.2. Hybrid sols with various TET content. Hybrid sols with different
molar content of TET ranging from 50 mol % to 80 mol % were prepared
in a similar way. Compared to GTa sol, the only difference was that for
all the sols with different TET content, HCL was adde«l to the sol con-
taining GLYMO in the final molar ratio of (GLYMO + TET) : HCl equal to
1:0.018 (previously for the GTa sol it was 1 : 0.009). The content of sols
composed of TET was the same as mentioned in the previous paragraph
(GTa).

2.1.1.3. Sols activated by Rhodamine B. Rhodamine B was introduced in
the sols as EtOH solution in a concentration of 10 2 M. It was added to
the first sols (containing GLYMO or TEOS) before mixing with the sec-
ond sols (containing TET). The final molar ratio of Rhodamine B to the
sum of TEOS/GLYMO and TET were different depending on the sample
(in the range from 0.0005% to 0.1%). All the prepared sols, listed in
Table 2, were used to fabricate the thin films immediately after
preparation.

Comments regarding the stability of the sols are given in the Section
51 of Supplementary Materials.

2.1.2. Fabrication of films

Sol-gel films were produced using the dip-coating technique with
various withdrawal speed of 60, 65 or 80 mm/min. Soda-lime glass
substrates (76 x 25 x 1 mm® or 76 x 13 x 1 mm®, when cut in half) prior
to the deposition were cleaned with water and detergent, rinsed with
deionized water, then with isopropyl alcohol and finally dried with a
stream of air. After the deposition, the thin films were left in a laboratory
environment (RT) or fired at the hot plate at various temperature
(150 °C, 200 °C, 300 °C) for 10 min.

2.1.3. Patterning of hybrid films
Grating structures were reproduced in the hybrid films using PDMS
(Poly(dimethylsiloxane)) stamps which were prepared from two-

Table 2
List of all studied sols used for the preparation of thin films.
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component elastomer (Sylgard 184, Dow Corning). Both components
of Sylgard 184 were mixed in a weight ratio 10 : 1. Air bubbles were
removed from the mixture using a vacuum dryer. After that, the PDMS
mixture was poured onto the surface of a disassembled DVD-R disc
withour written data. After 48 h of curing at room remperature, the
cross-linked PDMS layer was gently peeled off from the surface of the
DVD-R disc obtaining grating structures replicated on the PDMS elas-
tomer surface. Patterned PDMS elastomer piece was then cut into
squares (in range of 0.5 x 0.5 em? to 1 % 1 em?), which were used as
stamps for the imprint process.

Patterned films with various TiO; content were fabricated by placing
the PDMS stamp on freshly deposited hybrid films with a gentle pres-
sure. After that, the films were heated at hot plate at 200 “C for 10 min.
The PDMS stamps were subsequently removed to obtain grating struc-
tures reproduced in the films.

2.2, Characterization of the films

Thickness of the films was measured using contact profilometer
DektakXT (Bruker) by scanning across the scratch formed in the film
with a gentle pressure of a metal spatula. Then, the thickness and
refractive index of the samples were measured with SE 850 DUV spec-
troscopic ellipsometer (Sentech) or monochromatic ellipsometer SE400
(Sentech). In spectroscopic ellip ry ements, Cauchy model
was chosen to determine the thickness and the refractive index of the
films. Measurements were performed in spectral range 400-930 nm
where the absorption is negligible and the results are given for 1 — 632.8
nm. Details are presented in Supplementary Materials in Section S2. It
should be noted that also other models may be used for determination of
the optical properties (e. g. refractive index, optical band gap) of various
type of materials [35 39].

The absorption spectra of thin layers activated by Rhodamine B in
the spectral range of 300-700 nm were measured on Evolution 300
UV-Vis spectiophotometer (Thermo Scientific). The emission and exci-
tation spectra were measured on FLS980 spectrofluorimeter (Edinburgh
Instruments} with Xenon Arc Lamp used as a light source. The emission
spectia were registered from the edges of the films using AvaSpec-2048
spectrophotometer (Avantes) after excitation with the second harmonic
line (4 = 532 nm) of SEM16-LP532-50CH Nd:YAG laser (Semicon).

In the case of the un-doped hybrid films (series from 50G50Ta to
80G20Ta), the transmission and reflection spectra in the range of
250-1100 nm were recorded using UV-Vis AvaSpec-ULS2048LTEC
spectrophotometer (Avantes) with the deuterium halogen light source
Avalight-DH-S-BAL (Avantes).

The optical transmission losses were determined using scattered-
light method. Waveguiding films were excited using a prism coupler
and laser light (4 = 677 nm, TE polarization). Streaks of scattered light,

Symbol of the sol Si0; precursor TiO, precutsor TET content[mol3¢] Complexing agent for TET Rhodamine B concentration [mol%e]
ST TEOS TET 50 - -
ST:RLB - 0.00
Sta AcAC -
STa:RhB Aeac 0.06
Gr GLYMO TET 50
GT:RLB - 0.00
GTa ACAC -
GTa:RhB ACAC 0.1, 0.06, 0,01, 0,005, 0.0005
S0GH0TA GLYMO TET 50 ACAC -
ADGOU T 60
30G70Ta 70
20680 RO
29678
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accompanying guidance of waveguide modes, were registered using
scientific grade TE-cooled camera 1501M-USB-TE (Thorlabs). It was
equipped with CCD sensor that allowed to register grayscale 14-bit
images. The surface topography of the gratings was determined on
Dimension FastScan AFM Microscope (Bruker). Their microphotographs
were taken on optical microscope DM2700P (Leica).

3. Results and discussion

3.1. Influence of different conditions of preparation on the optical
properties (refractive index and thickness) of ST, STa and GT, GTa films

Thickness and refractive index are two parameters that strongly
determine the waveguiding propexrties of the films and can be controlled
by adjusting the composition of the sol, withdrawal speed of substrate
from the sol and heat treatment temperature of the samples. In order to
optimize these parameters, four series of thin layers were prepared
taking into account three variable conditions: a) type of the SiO, pre-
cursor, b) presence of acac and ¢) heat treatment temperature. All films
used in this experiment were withdrawn from the sols at constant rate of
60 mm/min and annealed for 10 min. Fig. | presents the dependence of
thickness and refractive index on the above-mentioned variable condi-
tions. Basing on our measurements, the mean relative difference be-
tween the thickness determined using spectroscopic ellipsometry and
measured using the profilometer was around 4%. An example of fitted
ellipsometric functions is given in Supplementary Materials in Section
82,

Thermal treatment of the deposited films caused evaporation of the
solvent and residual water. In consequence, densification of the layers
occurred, which resulted in an increase of the refractive index and
decrease of the thickness of all studied films. However, it is worth
noticing that hybrid films (GT and GTa)} after annealing at 300 'C
changed their colour to slightly brown. This phenomenon was not
observed for the inorganic samples (ST and STa), which suggests
possible degradation of the ORMOSIL component in the case of the
hybrid films.

Fabricated hybrid films are characterized by greater thickness and
lower refractive index compared to the inorganic ones. This may be due
to the presence of the ORMOSIL comp which is composed also of
organic part, acting as an additional network former via polymerization
of the epoxy rings catalysed by TiO3 [40,41]. Hybrid films have been
described in the literature before, but only thicker films were obtained

29,32]. Also, their properties were rarely compared to inorganic ones
and if so, a slightly different preparation procedures were applied [32].

The inorganic films prepared with the addition of acac (STa) are
characterized by higher thickness and lower refractive index compared
to those without acac (ST) (Fig. |a). However, addition of acac has not
influenced the thickness and refractive index of the hybrid films
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(Fig. 1b).

Despite a slightly longer time of the heat treatment of our ST film (at
150 °C) it was characterized by a similar refractive index as film pre-
pared in Ref. [14] (1.68 for 1:1 precursors content ratio). Additionally,
we showed that higher heat treatment temperature (up to 300 “C in
short annealing process) and addition of acac may influence the optical
properties of the films.

Due to the high boiling point of acac (around 140 “C), acac could be
effectively removed from the volume of the film only at a higher tem-
perature. This caused different dependence of thickness and refractive
index on heat treatment temperature (Fig. La). It is also known that acac
undergoes complexation reaction with titanium(I1V) alkoxides [42,43],
which could make its removal difficult in a relatively short annealing
process at a temperature under 300 "C.

3.2. Comparison of b
Jilms activated by Rhodamine B

properties of inorganic and hybrid sol-gel

Inorganic Si0,-TiO, thin films activated by Rhodamine B and their
lasing properties have already been reported by another group [14].
However, the authors did not study the influence of the temperature of
the processing of these films on their luminescent properties. Our results
showed that it is an important parameter. Therefore, we decided to
investigate the effect of various temperature of heat treatment and
addition of acac on the photoluminescence properties in samples of this
type. The inorganic (ST:RhB, STa:RhB) and hybrid films (GT:RhB, GTa:
RhB) containing luminescent dye from xanthene family - Rhodamine B
(RhB) were fabricated. Relative molar content of Rhodamine B to sum of
the SiO»/ORMOSIL and TiO; precursors was equal to 0.06% (Table 2).

Fig. 2 presents the excitation and emission spectra of two series of
inorganic samples prepared without (a) and with (b) acac. Maximum of
the excitation spectrum of the ST:RhB film at RT (Fig. Za) is located at
561 nm, which stays in good accordance with the absorption band of the
investigated film and of the diluted Rhodamine B ethanol solution with
an addition of HCI (561 nm and 556 nm, respectively — neither presented
in this paper). Maximum of the emission band of the inorganic ST:RhB
film prepared at room temperature is located at 585 nm similarly to that
reported for Rhodamine B doped 5i0; sol-gel glass (581 nm) attributed
to the monomeric form of Rhodamine B [441]. Increase of heat treatment
temperature of ST:RhB films up to 300 "C leads to gradual blue shift of
the maxima — both in the emission and excitation spectra and change of
their shape, which suggests structural changes of the dye. ST:RhB film
heat treated at 200 “C is an example of an intermediate state. Spectrum
is composed of fractions of the spectra of the films processed at low and
high temperature (see I'ig. 2a), suggesting co-existence of two forms of
the dye — unchanged and thermally-induced.

Inoiganic layers prepared with addition of acac (STa:RhB) are pre-
sented in I'ig. Zb. In this case, the excitation and emission spectra are not

b ¢ s 100 150 200 250

-0—-GT
—~8—GTa
3 —;
500
304
£ ] =—
7 K4 O
2 3504
£
3 30
= 250 0
T 200 L
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Fig. 1. Dependence of thickness and refractive index on the temperature of heat treatment of thin films: a) inorganic (ST, §Ta) and b) hybrid (GT, GTa). The lines

linking the points were sdded for gniding the eye.
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Fig. 2. Normalized excitation and emission spectra of Rhodamine B activated inorganic thin films heat treated at different temperature: a) without acac (ST:RhB) and

b) with acac (STa:RhB).
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Fig. 3. Normalized excitation and
with acac (GTa:RhB).

spectra of Rhod

affected by the heat treatment temperature up to 200 °C, However, their
position and shape are different compared to spectra recorded for ST:
RhB samples. It suggests that acac affected the structure of the dye.
However, after annealing at 300 C the spectra obtained for both - STa:
RhB and ST:RhB films are very similar.

Fig 5 presents the excitation and emission spectra of Rhodamine B
activated hybrid films prepared at different temperature,

For the film prepared at RT the maximum of the excitation spectrum
is located at 562 nm, while of the emission spectrum - at 585 nm, with a
shoulder at approximately 635 nm (Fig. 3a). Positions of the excitation
and emission maxima were similar to those observed in the inorganie ST:
RhB film prepared at RT (ig. 2a). However, in contrast to the inorganic
ST:RhB films, for the hybrid GT:RhB samples the positions of both
emission and excitation bands are almost not affected by heat treatment
up to 200 “C, indicating that the form of Rhodamine B was more stable.
It is worth mentioning that after heat treatment at 200 “C and 300 C
more pronounced measurement noise may indicate a gradual decrease
of the emission intensity, possibly resulting from degradation of the dye
to some extent. Addition of acac to hybrid film (GTa:RhB) did not
significantly influence the position of the emission and excitation bands
(Fig. 3b). Fig. 4 presents summarized emission and excitation maxima of
the inorganic and hybrid films under investigation.

Absorption spectra recorded for GTa:RhB films heat treated at

Wavelength (nm)

B activated hybrid films heat treated at different temperature: a) without acac (G'1:RhB) and b)
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Fig. 4. Emission and excitation maxima of the ST:RhB, STa:RhB and GT:RhB,

GTa:RhB films (0.06 mol% relative to sum of the precursors) as a function of the
heat treatment temperatire.
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different temperature (RT, 150 °C, 200 °C) reveal the absorption peak at
562 nm (Fig. 52a), previously assigned to the monomer form of the dye
and a shoulder at shorter wavelength (originating from the dimers) [26,
45]. For the film heated at 300 °C the typical absorption band of
Rhodamine B disappears and a broad absorption band is observed
(400-600 nm), which could originate from the products of degradation
of Rhodamine B or from the thin film interference. This may also be the
result of the decomposition of other organic part of the film, as a similar
effect was observed in hybrid films with GLYMO (without a dye) pre-
pared in similar conditions [31].

Hybrid film GTa:RhB with the highest studied concentration of
Rhodamine B (0.1%) showed absorption band in the same position (562
nm). However, for the films with lower concentration of Rhodamine B
(0.01%, 0.005% and 0.0005%) the absorption band is not visible due to
too low absorbance and thin film interference effect (Fig. 52b). Excita-
tion and emission spectra of the hybrid GTa:RhB films heat treated at
200 'C with different concentration of Rhodamine B (from 0.1% to
0,0005%, Fig. 53) do not show any significant changes with respect to
GTa:RhB film annealed at 200 “C (0.06% Rhodamine B, Fig. 3b).

A study involving comparison of luminescence properties of other
xanthene dyes (Kiton Red and Rhodamine 6G) in hybrid sol-gel film was
reported [15]. Blue shift of emission and absorption maxima were
observed for films activated by Kiton Red and annealed at different
temperature (up to 200 "C). However, for films with Rhodamine 6G no
spectral shift was observed — similar to our hybrid films with Rhodamine
B (up to 200 “C).

To sum up, the emission bands with maximum in the spectral range
of 586-607 nm were assigned to monomeric form [26,28,45] or J-di-
mers [44] of Rhodamine B in silica sol-gel glasses. Taking into account
this information and also the fact that the band at 506 nm characteristic
for J-dimers [44] was not observed in excitation and absorption spectra,
we concluded that Rhodamine B in the hybrid GT:RhB and GTa:RhB
films (up to 200 °C) existed mostly in the monomeric form. This in-
dicates homogenous distribution of the dye molecules in the matrix
without presence of their aggregates. In contrast, among the studied
inorganic films, the emission and excitation spectra resemble those of
the monomeric form of the dye only in the case of the ST:RhB sample at
RT. Heat treatment of the inorganic films or addition of acac cause some
structural changes of the dye which influence the luminescence
properties.

3.3. Investigation of waveguided emission in hybrid film activated by
Rhodamine B

Coupling of light into a waveguide by exciting the luminescent

Ceramics International 48 (2022) 29676-29685

molecules embedded in the waveguide could be a facile way to intro-
duce the light in the photonic structures without using other coupling
techniques, as e.g. with prism or grating couplers. Moreover, the pres-
ence of an efficient luminescent dye in the waveguide can be used to
generate a laser action.

We checked the ability of propagation of the light emitted by
Rhodamine B molecules in the waveguiding (WG) film. For that purpose,
the GTa:RhB films (0.06% RhB) prepared at RT and at 150 “C were
selected. Under photoexcitation with Nd:YAG laser (4 = 532 nm) inci-
dent perpendicularly to the surface of the film, a bright orange light at
the edges of the film was observed, as shown in Fig. 5a. We detected a
signal emitted from the output of the film changing the pesition of a
detector near the edge of the film (WG configuration). The results are
presented in Fig. 5b.

When the detector was far from the waveguide’s edge (Vig. 5a, light
orange colour), the emission spectrum with maximum at around 586 nm
was detected (Fig 5b, light orange colour), which resembled that
registered using spectrofluorimeter (I'iz. 5b, grey line). The emitted light
in these cases was probably re-absorbed only to a small extent.

However, when the detector was gradually moving closer to the
waveguide edge, the emission spectrum was changing its shape. The
second maximum started to appear ar around 640 nm and with suc-
cessive changing of the position of the detector, it was shifted to 651 nm
and its intensity increased (dark orange colour). Similar effect was
observed for the film annealed at 150 "C with a shift of the emission
maximum up to 657 nm.

It seems that the spectrum is composed of two components: the first
one emitted from the surface and/or propagating in the glass substrate
and the second one propagarting in waveguiding film. The shift of the
emission band towards longer wavelengths may be the effect of strong
re-absorption of the light emitted and propagated in the waveguiding
film. This is well-visible when excitation and emission spectra registered
in the spectrofluorimeter are plotted against the emission spectra
registered in WG configuration (Fig. 5b). Strong re-absorption (see
excitation spectrum) could have caused cut of the emission spectrum
below 600 nm, at which the absorption of the dye occurs.

Red-shift of the emission spectrum caused by re-absorption (under
different detection configurations) was also observed in WG films
composed of GLYMO and zirconium alkoxide activated by polymethine
dye [46]. A similar phenomenon was also observed in PMMA fibers
doped with Oxazine 170 Perchlorate luminescent dye (excited with Nd:
YAG laser). The red-shift of the spectrum with increasing the distance of
the light propagating in the fiber was registered [17].

spectrofluorimeter WG configuration
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3.4. Influence of TET content on optical properties of hybrid films

As the hybrid films are better candidates for a matrix for the lumi-
nescent dye than inorganic ones, we decided to conduct further research
using these films. We investigated the influence of the TET content
(samples from 50G50Ta to 20G80Ta, see Table 2) on the refractive
index, thickness of the film and values of the energy band gap of TiO..
For this experiment the films were withdrawn at constant speed of 80
mm/min and processed at constant temperature of 200 “C for 10 min.
The effect of the TET content on the thickness and the refractive index is
presented in Flg. 6a.

Fig. 6b shows the Tauc’s plots involving the dependence of (aht)*/?
on photon energy (hv) for the films prepared from sols with the different
TET molar content and calculated values of E,"" as function of the TET
molar content. Tauc's plots were calculated from transmission spectra of
the films. Calculation method and transmission spectra of the films are
presented in Section S4 of Supplementary Materials (Fig. 54a).

As itis shown in Fig. Ga, increasing amount of TET resulted in higher
refractive index but alse lower film thickness. Thickness decrease is
strongly connected with the reduction of the content of GLYMO and but
may also be the effect of slightly higher content of ethyl alcohol in the
preparation procedure. The effect of the different TiO; precursor content
(less than 70 mol%) of the films prepared below 80 °C on the refractive
index has alveady been studied [12]. At 60 mol% of TET, the refractive
index of the film was equal to 1.60 and the maximum obtained refractive
index was around 1.65 (for 67 mol% TET content). The first value of
refractive index is close to that obtained by us at the same TET molar
content - 1.62 (the film a led at 200 °C). Hy , we also obtained
hybrid film with higher index value (1.72) after increasing the TET
content in the sol up to S0 mol%, which was not presented before in such
hybrid films.

As such films may contain nanomerric clusters of titania, the
decrease in the value of Ei“‘ of the films with the TET content (see inset
in Fig. 5b) may be related to the quantum size effect, indicating increase
in their size. With increasing TET content (from 50 to 80%) the value of
dz’“’ is decreasing gradually from around 3.61 eV (50G50Ta) to 3.45 eV
(20G80Ta). We assumed, that at such low temperature only the anatase
phase of TiO, may crystalize, which exhibit indirect energy bandgap.
According to the dependence given in the reference [45], the estimated
diameter of titania clusters would be in range of 2.8-3.6 nm (for TET
content from 50 mol% to 80 mol%, respectively). Similar plots used to
determine the value of direct energy band gap !:}'" are presented in
Section 84 of Supplementary Materials (Fig. S4¢). The hybrid films
corresponding to the lowest TET molar content in sols (50G50Ta,
40G60Ta) were characterized by good optical homogeneity, confirmed
by the reflection measurements (Fig. 54b) and discussed in Section $4 of

Table 3
Summary of the optical
selected SOG50Ta waveguides.

losses (@) measurement results for two

Withdrawal speed, Thickness, o Refraclive index, Transmission losses,
v " a

65 mom/min 491 nm 1.57 1.05 + 0.27 di/em
80 mm/min 519 nm 1.59 1.68 + 0.21 dB/em

* Thickness and refractive index were determined with monochromatic
cllipsometer at 7 — 632.8 nm.

Supplementary Materials.

3.5. Waveguiding properties and optical losses of the selected hybrid films

Dependence of the intensity of the light on the distance travelled in
the waveguide was analysed. Intensity of the scattered light along the
travelled distance was determined, which allowed for definition of the
waveguide attenuation (details are presented in Section 55 in Supple-
mentary Materials). We investigated the optical transmission losses for
the hybrid films with the best optical homogeneity (50G50Ta,
40G60Ta). Unfortunately, in the 40G60Ta film we were not able to
determine rhe transmission losses due to method limitations (streak of
light was barely visible). For that reason only two selected waveguides
were investigated — those prepared from the sol 50G50Ta at different
withdrawal speed and heat treated at 200 °C for 10 min. The estimated
transmission losses for the two selected samples are presented in
Table 3.

In the literature, for waveguides made from GLYMO and titanium
(1V) butoxide (TBT) with refractive index of 1.54 (GLYMO : TBT =7 : 3)
and 1.55 (GLYMO : TBT = 10 : 4), the measured optical losses (at 4 =
632.8 nm), were 0.57 dB/cm and 1.00 dB/cm, respectively [29,32].
Among our selected samples, we obtained the lowest value of the optical
losses of 1.05 dB/em, which is a value similar to that reported in
Ref. [32]. However, our films were characterized by higher content of
titanium alkoxide (GLYMO : TET = 1 : 1) and slightly higher values of
the refractive index.

Fig. 7a presents simulated modal characteristic of an exemplary slab
waveguide with refractive index similar to that presented in Table 3.
Fig. /b presents the normalized power density (G) distribution of the
fundamental modes TE; and TMj in waveguide with thickness of 575
nm. Simulations for slab waveguides with other thickness (350 nm and
800 nm) are presented in Supplementary Materials (Figs. S6a and 56b).

Simulations confirmed that the investigated 50G50Ta waveguide
allowed for propagation of light, but only fundamental TE, and TMy
modes. Cut-off thickness of TE, and TM, modes was 236 nm and 283 nm,
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Fig. 7. #) Modal characteristic of the slab waveguide and b) distribution of the power density in a slab wavegnide with thickness d — 575 nm. Parameters assumed
for the caleulations: 1 = 632.8 nm, ny/ny/n. = 1.51/1.59/1.0, where ns, n; and n are refractive indexes of the substrate, film and cover, respectively.

respectively. Propagation of higher order TE; and TM; modes could be
possible if thickness of the waveguide was increased to 870 nm and 920
nm, respectively (assuming the refractive index value of 1.59).

3.6. Fabrication of periodic structures in the hybrid films

Another way to couple the light into the planar waveguide is via
periodic structures embedded in a waveguiding film, For that reason we
investigated the ability of the fabricated hybrid films to be patterned by
the imprint technique.

Periodic structures (gratings) from commercially available DVD-R
disc were firstly reproduced in PDMS el ', which was then used
as a master for patterning of the hybrid films (details are described in the
experimental section). We tested reproduction of the grating structures
in the films with different TET molar content modified with acac
(50G50Ta, 40G60Ta, 30G70Ta, 20G80Ta). Immediately after the
deposition, the films with higher hybrid precursor (GLYMO) content
were more prone to imprint of the grating structures. That may be an
effect of higher thickness of the films with higher GLYMO content
directly after the deposition, which supresses the rate of the evaporation
of the solvent. High volume of the hybrid precursor in the films or

removing it from the surface, a multi-coloured spot on the region of the
reproduced grating was visible, which resulted from the diffraction of
the incident light (Fig 8a). Optical microscopy image of the grating
reproduced in the selected sample (50G50Ta film) with marked direc-
tion of the AFM scan (x) is presented in I'ig. 8b. Averaged AFM surface
topography along the grating vector of both: the PDMS master and the
grating reproduced in the 50G50Ta film are presented in Fig. 5S¢,

AFM profile of the grating reproduced in the hybrid film revealed
average periodicity (A) equal to 743 nm, which was very close to the
grating in the PDMS master (742 nm). Average height of the grating (4h)
in the hybrid film was 111 nm - 83% of the PDMS master grating (133
nm). Maximum diffraction efficiency of the reproduced structures in the
studied sample (50G50Ta-20G80Ta), determined for 1st diffraction
order is 3.2% (p d in the Suppl ary Materials, Table 52). The
efficiency is expected to be even higher if the height of the grating of the
master is higher. The result obtained is generally higher compared to the
previously reported values for gratings (with period A — 1500 nm)
reproduced in inorganic SiO2-TiOz films cured at 500 "C - reported
value was less than 1% for 1st diffraction order [33]. The cause of this
difference may be contraction of the latter material upon thermal
treatment. In the case of our samples, the relatively low temperature
prevented the reduction in height of the periodic structures. Therefore,

presence of the solvent made the films more mouldable. we recognize the low-temperature pr ing and use of hybrid films as
After pressing the PDMS master onto freshly deposited film and then
&) 200
grating in PDMS
160 Ab=133 nm A -
120
80
W0
£ o
=
= L 1 2 3 4 s L] 7 L]
2 200
= grating in SOGSUTs
160
A=T4S
Ab=111 nm
0 1 2 3 4 5 6 7
X (um)

Fig. 8. Results of the grating reproduced in the S50G50Ta hybrid film: a) photagraph of the sample, b) microphatograph of the grating, ¢) AFM grating profiles of the

PDMS master and the hybrid 50G50Ta film.
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more favourable in terms of efficiency of the reproduced periodic
structures. Thereby, masters of relatively lower height are needed to
obtain structures of similar height.

Preliminary studies showed that all the gratings reproduced in the
hybrid films with different TiO; content (50G50Ta-20G80Ta) were
successfully used as grating couplers to launch the light into the wave-
guiding films. The results are presented in Section 56 of Supplementary
Materials (Table 53).

4. Conclusions

The paper presents the results of the preparation and optical studies
of the silica-titania layers obtained by the sol-gel method for potential
application in the integrated optics. The films composed of TiO; and
different 8iO, precursors (inorganic and hybrid) were fabricated by the
dip-coating technique. The results show, that heat treatment tempera-
ture of different type of films have crucial impact on their optical,
including luminescent properties, which was shown in our study and
was often omitted elsewhere.

A general trend of increasing the refractive index and decreasing the
thickness was found with increasing heat treatment temperature (from
RT to 300 °C). Hybrid films (GT, GTa) were characterized by higher
thickness comparing to inorganic films (ST, STa). In turn, addition of
TiO; precursor complexing agent (acac) caused slightly lower refractive
index and slightly higher thickness of the films. These results may help
to design optical materials, especially when they need to be prepared at
lower temperature. Moreover, the properties of the fabricated hybrid
films are expected to be appropriate for application of these films as
optical waveguides.

Relatively low temperature of the heat treatment allowed for prep-
aration of Rhodamine B activated films. It was shown that luminescence
properties of Rhodamine B hybrid films (GT, GTa) were less affected by
the heat treatment (up to 200 “C) compared to the inorganic ones,
indicating higher stability of the dye in the hybrid films. Such results are
of great importance when choosing an optimal matrix, with designed
refractive index, for luminescent dye. Moreover, it was presented that

ion spectrum d d from the edge of the luminescent film was
red-shifted compared to that detected from the surface, most probably
due to the re-absorption effect.

For the hybrid films heat treated at 200 "C, the increasing amount of
the TiOy precursor up to 80% caused the increase of the refractive index
to 1.71. To our knowledge such high values of refractive index in hybrid
films prepared at low temperature were not reported vet. With an in-
crease of the TiO2 precursor content in the hybrid film, values of the
indirect and direct energy band gaps decreased. This might be connected
with increasing size of titania clusters, which may have contributed to
lower optical homogeneity of the films. In turn, the lower optical ho-
mogeneity was confirmed by the reflection spectra of these films.

It was possible to obtain hybrid waveguiding films despite low
remperature of heat treatment, resulting in a relatively lower refractive
index. Selected hybrid waveguide films with 50% TiOz and 50% hybrid
Si0; precursors content were characterized by low optical losses — down
to 1.05 dB/cm. Moreover, for the first time, easy replication method of
diffraction grating by means of soft elastomer stamp was presented for
hybrid films based on GLYMO with various content of TET (50-80 mol
%) resulting in high refractive index - up to around 1.7.

It was shown that the presented hybrid sol-gel films are good can-
didates for preparation of complex systems for integrated optics (e.g.
sensors, DFB lasers) in a low temperature process, with such advantages
as the ability to tune the optical properties like refractive index and
thickness, possibility of activation with a luminescent dye and easiness
of patterning by soft lithographic techniques.
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S1. Stability of the sols

Almost all of the investigated sols, including these activated with Rhodamine B, are stable for
more than a year. We want to emphasize that the sols STa, GT and GTa remained liquid, when
checked even 15 months afier preparation and the sols 50G50Ta, 40G60Ta, 30G70Ta and 20G80Ta —
13 months after preparation. Only in case of the ST sol appearance of small amount of precipitate afier
one year of storage was observed.

The sols 50G50Ta, 40G60Ta and 30G70Ta were used for preparation of thin films several times
during their storage. After 8 months of storage it was possible to obtain uniform films (withdrawal
speed: 80 mm/min, 10 minutes of heat treatment at 200 °C). Thickness of the films prepared after the
sol preparation and after 8 months of the sol storage are compared in Table S1.

Table S1 Comparison of thickness of hybrid films prepared from the sols afier different time of aging

Sol . Thic}mess of the film .
sol dircctly afier preparation sol afler 8 months of aging
50G50Ta 517 nm 691 nm
60G40Ta 417 nm 522 nm
70G30Ta 336 nm 408 nm

Another attempt for preparation of the films was made |3 months after preparation of the sols.
However, uniformity of the thickness of the films prepared from these sols stored for 13 months was
worse (withdrawal speed: 80 mm/min).

The increase of the thickness for sol after 8 months and decrease in the uniformity of the
thickness of the films prepared after 13 months is probably caused be increasing of the viscosity of the
sol with the aging time. It may be caused by progress of the condensation process of the components
in the sol. Thus, to obtain homogeneous films with desired thickness, the technological conditions of
the process should be adjusted after some period of time. For example, the withdrawal speed should be
decreased, to obtain films with a proper thickness.

S2. Spectroscopic ellipsometry measurements

To study the dependence of the temperature of the heat treatment on refractive index and thickness
of the films prepared from different sols (inorganic and hybrid) we used the Cauchy formula
(n(2) = Ng + N;:2* + N»-2*). The analysis were done in SPECTRARAY software provided with the
spectroscopic ellipsometer SE400 (Sentech). A model of the system consisting of 3 layers was
implemented. These 3 layers were consccutively: air (n = 1.0000), Cauchy layer (sol-gel film with
unknown refractive index and thickness) and soda-lime glass substrate (n(2) = 1.5089 + 0.0091-47> +
0.0042-2 7). Simulated ¥ (Psi) and 4 (Delta) parameters obtained from the fitting procedure using this
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model were in good accordance with the measured values, what was indicated by the low value of
mean square error (MSE). We fitted the results out of the absorption range and we believe that at (used
further) A = 632.8 nm, the fit give reliable results.

Below we present an example of measured values of ¥ and A as function of wavelength (measured
at 3 different angles — 50°, 60° and 70°) along with the values predicted by the Cauchy model (red
lincs). Tt shows good agreement with the measured values. The example is presented for STa film heat
treated at 150°C (Fig. S1 below) but such a good fit to the experimental results was obtained also for

other films (ST, GT and GTa).
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Figure S1 Fitted ellipsometric functions — ¥ (Psi) and 4 (Delta) as a function of wavelength
(mcasured at 3 different angles; represented by brown, blue and violet lines) along with the refractive
index dispersion values predicted by the Cauchy model (parameters: Thickness: 179.7 nm,
No = 1.608, N; = 68.8, N> = 118.3; model represented by red lines). Measured sample was STa film
heat treated at 150 °C for 10 minutes.

$3. Optical properties of hybrid films activated with Rhodamine B (GTa:RhB)

Figures S2a and S2b show absorption spectra measured for hybrid GTa:RhB films at RT and heat
treated at different temperature (150°C, 200°C, 300°C) with constant Rhodamine B concentration
(0.06 mol% relative to GLYMO and TET precursors). Absorption spectra of hybrid GTa:RhB films
after 200°C with different amounts of Rhodamine B are presented in Figure S2b.
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Figure S2 Absorption spectra of hybrid GTa:RhB films a) with constant Rhodamine B molar
concentration (0.06 mol% relative to GLYMO and TET precursors) prepared at different temperature,
b) after 200°C and with different Rhodamine B molar concentration.
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